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Abstract 

The  water  circulation  and  evolution  of  water  temperature  over  the  inner  continental 
shelf  are  investigated  using  observations  of  water  velocity,  temperature,  density,  and 
bottom  pressure;  surface  gravity  waves;  wind  stress;  and  heat  flux  between  the  ocean 
and  atmosphere  during  2001-2007. 

When  waves  are  small,  cross-shelf  wind  stress  is  the  dominant  mechanism  driving 
cross-shelf  circulation.  The  along-shelf  wind  stress  does  not  drive  a  substantial  cross¬ 
shelf  circulation.  The  response  to  a  given  wind  stress  is  stronger  in  summer  than 
winter.  The  cross-shelf  transport  in  the  surface  layer  during  winter  agrees  with  a 
two-dimensional,  unstratified  model.  During  large  waves  and  onshore  winds  the  cross¬ 
shelf  velocity  is  nearly  vertically  uniform,  because  the  wind-  and  wave-driven  shears 
cancel.  During  large  waves  and  offshore  winds  the  velocity  is  strongly  vertically 
sheared  because  the  wind-  and  wave-driven  shears  have  the  same  sign. 

The  subtidal,  depth-average  cross-shelf  momentum  balance  is  a  combination  of 
geostrophic  balance  and  a  coastal  set-up  and  set-down  balance  driven  by  the  cross¬ 
shelf  wind  stress.  The  estimated  wave  radiation  stress  gradient  is  also  large.  The 
dominant  along-shelf  momentum  balance  is  between  the  wind  stress  and  pressure 
gradient,  but  the  bottom  stress,  acceleration,  Coriolis,  Hasselmann  wave  stress,  and 
nonlinear  advection  are  not  negligible.  The  fluctuating  along-shelf  pressure  gradient  is 
a  local  sea  level  response  to  wind  forcing,  not  a  remotely  generated  pressure  gradient. 

In  summer,  the  water  is  persistently  cooled  due  to  a  mean  upwelling  circulation. 
The  cross-shelf  heat  flux  nearly  balances  the  strong  surface  heating  throughout  mid¬ 
summer,  so  the  water  temperature  is  almost  constant.  The  along-shelf  heat  flux 
divergence  is  apparently  small.  In  winter,  the  change  in  water  temperature  is  closer 
to  that  expected  due  to  the  surface  cooling.  Heat  transport  due  to  surface  gravity 
waves  is  substantial. 

Thesis  Supervisor:  Steven  J.  Lentz 

Title:  Senior  Scientist,  Department  of  Physical  Oceanography 
Woods  Hole  Oceanographic  Institution 
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Chapter  1 


Introduction 


This  thesis  is  an  investigation  of  the  dominant  processes  that  cause  cross-shelf  circu¬ 
lation  and  heat  transport  on  time  scales  of  days  to  months  over  the  inner  continental 
shelf  of  the  northern  Middle  Atlantic  Bight  in  the  northeastern  United  States.  Wind, 
waves,  tides,  freshwater  input  from  land,  and  heating  and  cooling  from  the  overlying 
atmosphere  can  all  be  important  forcing  mechanisms  for  continental  shelf  circulation 
and  heat  transport.  The  circulation  on  the  shelf  is  important  for  coastal  ecosystems 
and  the  human  populations  that  depend  on  coastal  waters,  because  the  circulation 
controls  the  transport  of  nutrients,  larvae,  harmful  algal  blooms,  and  pollutants.  The 
import  and  export  between  the  continental  shelf  and  the  open  ocean  of  heat,  salt, 
and  organic  carbon  also  impacts  the  global  climate  system  and  is  affected  by  the 
circulation  on  the  shelf. 

The  inner  shelf,  which  is  a  transition  region  between  the  surfzone  and  the  deeper 
continental  shelf  where  the  along-shelf  flow  tends  to  be  geostrophic,  is  a  region  where 
the  density  stratification  of  the  water  is  highly  variable  ( e.g Chapter  4).  The  water 
can  go  from  stratified  to  unstratified  and  back  again  within  a  few  days.  The  physical 
dynamics  of  the  inner-shelf  circulation  are  intimately  related  to  the  stratification 
through  the  inhibiting  effect  of  stratification  on  vertical  mixing  and  through  the 
influence  of  buoyancy  forcing  on  the  circulation.  For  this  reason  the  circulation  can  be 
very  different  during  summer  and  winter,  since  the  stratification  tends  to  be  stronger 
in  summer. 
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Ecological  implications  of  the  continental  shelf  circulation,  though  not  the  sub¬ 
ject  of  this  thesis,  are  one  reason  why  understanding  the  physics  of  continental  shelf 
circulation  is  important.  The  stratification  and  circulation  are  thought  to  be  of  pri¬ 
mary  importance  in  controlling  the  biological  productivity  of  the  continental  shelf, 
particularly  through  the  nutrients  supplied  to  the  euphotic  zone  by  coastal  upwelling 
( e.g .,  Falkowski  et  ah,  1998).  These  physical  processes  that  affect  phytoplankton 
biomass  exert  strong  bottom-up  controls  on  the  productivity  of  the  entire  ecosystem. 
Through  these  controls,  the  influence  of  physical  processes  on  phytoplankton  is  felt 
by  higher  trophic  level  organisms,  such  as  fish,  that  are  important  food  sources  for 
humans.  The  highest  levels  of  marine  phytoplankton  biomass  (Figure  1-1)  and  pri¬ 
mary  productivity  (Falkowski  et  al.,  1998)  are  found  over  the  continental  shelves,  and 
the  shelves  are  therefore  important  to  the  cycling  of  carbon  and  other  nutrients  on 
both  regional  and  global  scales.  Estimated  annual  mean  export  production  is  espe¬ 
cially  high  over  the  continental  shelves,  as  compared  to  the  rest  of  Earth’s  oceans 
(Falkowski  et  al.,  1998).  The  export  production  in  the  coastal  regions  supports  most 
of  the  world’s  ocean  fisheries.  For  these  reasons,  to  understand  processes  that  govern 
phytoplankton  biomass  in  shelf  waters  is  a  long-standing  goal  of  the  oceanographic 
community.  Understanding  the  physical  mechanisms  that  drive  the  shelf  circulation 
will  be  necessary  for  understanding  the  dynamics  of  phytoplankton  biomass.  In  spite 
of  this  widespread  interest  and  decades  of  study,  the  mechanisms,  both  physical  and 
biological,  that  control  biomass  distributions  are  so  complicated  that  a  detailed  un¬ 
derstanding  remains  elusive. 

Phytoplankton  biomass  in  the  Middle  Atlantic  Bight  is  high  not  only  over  the 
continental  shelf,  but  over  the  inner  shelf  in  particular  (Figure  1-2).  The  seasonal 
cycle  of  phytoplankton  biomass  on  the  continental  shelf  of  New  England  has  been 
studied  for  over  75  years  and  is  known  to  be  complex.  Researchers  working  near 
Woods  Hole  as  early  as  1926  noticed  that  the  seasonal  cycle  of  biomass  in  the  inner 
shelf  is  different  from  that  in  the  middle  and  outer  regions  of  the  shelf  (Riley,  1947; 
Bigelow,  1926).  In  the  middle  and  outer  shelf,  biomass  is  typically  high  during  the 
“blooms”  in  late  spring  and  in  fall,  and  low  at  other  times  of  year.  In  the  inner 
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shelf,  there  is  a  fall  bloom  but  biomass  is  often  high  during  winter  and  low  during 
spring  (Figure  1-3).  Temporary  increases  in  stratification  in  the  inner  shelf  due  to 
the  presence  of  fresh  water  are  one  hypothesized  cause  of  these  winter  blooms  (Gran 
and  Braruud,  1935;  Sverdrup,  1953). 

The  cross-shelf  circulation  is  potentially  crucial  for  maintaining  the  biological 
productivity  of  the  inner  shelf.  Nevertheless,  due  to  the  number  and  complexity  of 
processes  influencing  inner-shelf  circulation,  we  have  not  understood  very  much  about 
how  variations  in  cross-shelf  circulation  take  place.  The  inner  shelf  is  the  region  where 
along-shelf  advection  of  coastally-trapped  buoyant  inflows  has  the  greatest  effect  on 
stratification  and  circulation;  where  the  water  is  so  shallow  that  the  wind-driven  sur¬ 
face  layer  often  overlaps  the  bottom  boundary  layer  so  that  turbulent  vertical  mixing 
dominates  and  the  water  column  can  become  unstratified;  and  where  vertical  advec¬ 
tion  and  the  associated  displacement  of  isopycnals  takes  place  during  wind-driven 
upwelling  and  downwelling.  All  of  these  processes  are  relevant  not  only  to  the  char¬ 
acter  of  the  circulation  but  also  to  the  transport  of  nutrients,  larvae,  pollutants,  and 
other  tracers,  which  makes  the  inner  shelf  an  important  subregion  of  the  continental 
shelf  to  understand. 

Along-shelf  advection  is  relevant  for  heat  and  freshwater  transport  in  the  Middle 
Atlantic  Bight  due  to  the  mean  westward  flow  at  mid-shelf  (Shearman  and  Lentz, 
2003)  and  the  large  freshwater  inputs  and  strong  wintertime  cooling  in  the  Gulf  of 
Maine  and  other  locations  upstream  (to  the  northeast)  of  the  study  site.  Because 
the  inner  shelf  is  fairly  shallow,  surface  heating  and  cooling  have  strong  influences 
on  the  stratification  throughout  the  water  column,  as  does  vertical  mixing  driven  by 
winds  and  tides.  Wind-driven  coastal  upwelling  and  downwelling  can  cause  cross¬ 
shelf  circulations  in  the  inner  shelf  region.  Most  studies  of  wind-driven  upwelling  and 
downwelling  have  been  in  the  middle  and  outer  shelf  regions.  It  is  over  the  inner 
shelf,  where  the  surface  and  boundary  layers  interact,  that  the  cross- shelf  divergence 
in  cross-shelf  transport  that  causes  upwelling  actually  takes  place. 

The  data  used  in  this  thesis  were  acquired  in  the  vicinity  of  the  Martha’s  Vineyard 
Coastal  Observatory  (MVCO).  A  diagram  of  the  observatory  is  shown  in  Figure  1-4. 
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Some  of  the  data  were  collected  as  part  of  the  Low-Wind  Component  of  the  Coupled 
Boundary  Layers/Air-Sea  Transfer  Defense  Research  Initiative  (CBLAST-Low  DRI) 
during  2001-2003.  The  mooring  locations  during  CBLAST  are  shown  in  Figure  1-5. 
The  CBLAST  program  and  complementary  wintertime  measurements  collected  dur¬ 
ing  the  first  Stratification,  Wind,  and  Waves  on  the  Inner  Shelf  at  MVCO  (SWWIM  I) 
experiment  in  2004-2005  provide  an  opportunity  to  study  the  mechanisms  control¬ 
ling  coastal  circulation  and  heat  transport  on  the  inner  New  England  shelf.  The  key 
questions  addressed  in  this  thesis  are 

•  What  are  the  dominant  processes  that  drive  cross-shelf  circulation  on  time  scales 
of  days  to  months  over  the  inner  continental  shelf  off  New  England? 

•  Which  dynamical  balances  are  dominant  over  this  inner  shelf? 

•  What  are  the  mechanisms  that  control  water  temperature  over  the  inner  shelf? 
Chapter  2  addresses  these  questions: 

1.  What  are  the  dominant  processes  that  drive  cross-shelf  circulation  on  time  scales 
of  days  to  months  on  the  inner  continental  shelf  off  New  England? 

2.  What  is  the  relative  importance  of  cross-shelf  wind,  along-shelf  wind,  and  sur¬ 
face  gravity  waves  in  driving  cross-shelf  circulation  over  the  inner  shelf? 

We  examine  the  relation  between  the  cross-shelf  circulation  profiles  and  the  wind  and 
wave  forcing.  We  take  advantage  of  the  unusual  length  of  the  MVCO  time  series  of 
wind  stress,  wave  height  and  period,  and  water  velocity  to  look  separately  at  times 
when  only  one  type  of  forcing  was  strong:  along-shelf  wind  stress,  cross-shelf  wind 
stress,  or  surface  gravity  waves.  This  approach  enables  us  to  observe  the  separate 
responses  of  the  cross-shelf  circulation  to  those  three  forcings,  in  spite  of  the  strong 
correlation  in  time  of  those  forcings.  The  strong  influence  of  cross-shelf  wind  stress 
and  surface  gravity  waves,  which  have  typically  been  neglected  in  inner-  and  mid-shelf 
studies,  then  becomes  apparent.  The  response  of  the  cross-shelf  circulation  to  surface 
gravity  waves  alone  is  discussed  in  Appendix  E.  Chapter  2  examines  the  cases  of  wind 
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forcing  alone  and  of  combined  wind  and  wave  forcing,  which  is  the  most  commonly 
observed  case. 

Chapter  3  addresses  these  questions: 

1 .  Which  dynamical  balances  are  dominant  over  this  inner  shelf? 

2.  Are  surfzone  and  mid-shelf  dynamics  both  important? 

We  use  the  observations  described  above  to  calculate  terms  in  the  along-shelf  and 
cross-shelf  momentum  budgets  as  a  way  to  determine  which  dynamical  balances  are 
dominant  over  this  inner  shelf.  Since  the  inner  shelf  is  a  transition  region  between  the 
surfzone  and  the  mid-shelf,  we  estimate  momentum  budget  terms  that  are  dominant 
in  the  surfzone  (wave  radiation  stress  gradients)  as  well  as  terms  that  are  dominant 
at  mid-shelf  ( e.g the  Coriolis  acceleration  due  to  the  along-shelf  velocity).  We  also 
include  the  Hasselmann  (1970)  wave  stress,  which  is  due  to  the  interaction  of  sur¬ 
face  gravity  waves  with  Earth’s  rotation  and  has  not  been  included  in  any  previous 
momentum  budget  estimated  from  observations. 

Chapter  4  addresses  these  questions: 

1 .  What  are  the  mechanisms  that  control  water  temperature  over  the  inner  shelf? 

2.  Is  surface  heating  and  cooling  or  cross-shelf  or  along-shelf  heat  flux  divergence 
the  dominant  influence  on  water  temperature? 

3.  Is  heat  transport  due  to  surface  gravity  waves  important? 

We  use  water  temperature  and  velocity  along  with  meteorological  measurements  to 
calculate  terms  in  the  heat  budget  for  a  cross-shelf  section  of  water  at  MVCO.  Using 
direct  estimates  of  the  surface  heating  and  cross-shelf  advective  heat  flux  divergence, 
we  determine  whether  surface  heating  and  cooling  or  cross-shelf  or  along-shelf  heat 
flux  divergence  is  the  dominant  influence  on  the  water  temperature  over  this  inner 
shelf.  This  is  the  first  continental  shelf  study  to  include  the  heat  transport  due  to 
the  Stokes’  drift  generated  by  surface  gravity  waves.  Chapter  5  summarizes  the  main 
results  of  this  thesis. 
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Figure  1-1:  Global  map  of  annual  mean  chlorophyll-a  for  the  world  oceans.  Chloro- 
phyll-a  is  a  proxy  for  phytoplankton  biomass.  Coastal  regions  support  a  high  stand¬ 
ing  stock  of  phytoplankton  biomass.  From  the  NASA  Ocean  Color  Image  Gallery, 
http:/ / oceancolor.gsfc.nasa.gov. 
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Figure  1-2:  Annual  mean  chlorophyll-a  distribution  onshore  of  the  4000-m  isobath 
off  the  northeastern  United  States,  from  NASA  SeaWiFs  data.  The  Middle  At¬ 
lantic  Bight  extends  from  Cape  Hatteras  (lower  left)  to  Cape  Cod  (upper  middle). 
Chlorophyll-a  concentration,  a  proxy  for  phyoplankton  biomass,  is  highest  in  the  wa¬ 
ters  closest  to  shore,  over  the  inner  shelf.  Figure,  data,  and  data  processing  courtesy 
Brittan  Rabinovitch,  Heidi  Sosik,  and  Steve  Lentz. 
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Figure  1-3:  Seasonal  variations  in  chlorophyll  concentration  for  coastal  waters  near 
Woods  Hole,  MA  as  documented  from  in  situ  observations  described  in  the  literature 
(top  3  panels),  and  from  weekly  MODIS  composites  (bottom  panel).  In  situ  data  are 
from  Riley  (1947),  Lillick  (1937),  Glibert  (1985),  Marrase  et  al.  (1992),  and  O’Reilly 
and  Zetlin  (1998),  and  MODIS/Terra  data  are  Chlor_a_2  and  Chlor_a_3  products  from 
Level  3  4-km  8-day  composites  available  through  the  Goddard  DAAC.  Note  that 
for  the  top  panel  cell  concentration  data  are  presented  (as  opposed  to  chlorophyll 
concentration).  In  addition,  data  from  O’Reilly  and  Zetlin  (1998)  are  not  from  the 
same  locations  as  the  other  studies;  they  represent  the  3  MARMAP  tiles  closest  to 
Woods  Hole.  Figure  and  caption  courtesy  Heidi  Sosik. 


28 


Coastal  ok 


<‘,Kl 


Saie'iit€  >***, 
Imaging  ^ 


O. 


-Shore  lab 

•  Pcvrrr  inter  face 
■ 

•  Ccvnxfottf  Cootr<tf 

•  Ran  Cong t 

•  Radiation  Serwi 


r—  Meteorological  Mast 

*  Sonk  Anemometer 

•  Ternperature.'RH 
Pwwrt  Semort 

•HjOSeruy 

•COjSemo/ 

*UvfCamtM 


Airtrjll 


Ship  txistxl 
Measurprr<*rfs 


II  me  to 
Internet 


Figure  1-4:  Cabled  observatory  off  Martha’s  Vineyard,  MA.  Tower  is  referred  to 
as  Air-Sea  Interaction  Tower  (ASIT)  in  later  figures.  Drawing  by  Jayne  Doucette, 


WHOI. 


29 


Figure  1-5:  Locations  of  observational  programs  near  Martha’s  Vineyard,  MA.  Iso¬ 
baths  are  labeled  in  meters.  The  green  area  indicates  the  climatological  location  of 
the  foot  of  the  shelf-break  front.  Figure  modified  from  Kipp  Shearman. 
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Chapter  2 


Cross-Shelf  Circulation  Driven  By 


Cross-Shelf  Wind 


This  Chapter  was  submitted  as  a  manuscript  to  Journal  of  Physical  Oceanogra¬ 
phy.  The  authors  are  Melanie  Fewings,  Steven  Lentz,  and  Janet  Fredericks.  The 
manuscript  was  reviewed  and  is  currently  under  revision  for  resubmission.  Ap¬ 
pendix  A  is  part  of  this  manuscript. 

2.1  Introduction 

On  continental  shelves,  cross-shelf  circulations  influence  the  water  column  density 
structure  and  the  distributions  of  heat,  salt,  phytoplankton,  nutrients,  and  pollutants. 
Cross-shelf  exchange  is  an  important  mechanism  for  supplying  nutrients  to  continental 
shelf  ecosystems,  which  are  some  of  the  most,  productive  on  Earth  (Falkowski  et.  ah, 
1998).  On  the  inner  continental  shelf  in  particular,  cross-shelf  exchange  is  thought 
to  influence  the  ecosystem  by  transporting  heat,  nutrients,  and  larvae  between  the 
surfzone  and  mid-shelf  ( e.g .,  Roughgarden  et  ah,  1988;  Austin,  1999). 

The  inner  shelf  is  a  complex  region  offshore  of  the  surfzone,  where  the  surface 
and  bottom  boundary  layers  interact  (e.g.,  Lentz,  1994,  1995).  The  location  of  the 
boundary  between  the  inner  shelf  and  the  mid-shelf  changes  with  time,  depending  on 
the  thicknesses  of  the  surface  and  bottom  boundary  layers,  which  determine  the  water 
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depth  where  the  boundary  layers  overlap.  As  a  result  of  the  overlapping  boundary 
layers,  the  inner  shelf  exhibits  a  divergence  in  the  cross-shelf  transport  driven  by 
along-shelf  winds,  which  leads  to  coastal  upwelling  and  downwelling  (Ekman,  1905). 

The  mechanisms  that  drive  cross-shelf  flow  over  the  inner  shelf  are  not  well- 
understood.  In  the  middle  and  outer  regions  of  the  shelf,  along-shelf  winds  drive 
coastal  upwelling  and  downwelling  circulations  that  transport  material  and  heat  in 
the  cross-shelf  direction  ( e.g .  Ekman,  1905;  Sverdrup,  1938;  Smith,  1981).  Obser¬ 
vations  on  the  North  Carolina  (Lentz,  2001),  Oregon  (Kirincich  et  al.,  2005),  and 
California  (Cudaback  et  ah,  2005)  continental  shelves  and  numerical  model  studies 
(e.g.,  Austin  and  Lentz,  2002;  Tilburg,  2003)  show,  however,  that  the  along-shelf 
wind  is  not  very  effective  at  driving  cross-shelf  flow  on  the  inner  shelf.  Along-shelf 
variations  in  topography  and  along-shelf  currents  are  one  proposed  mechanism  for 
cross-shelf  exchange  flows  on  the  inner  shelf  (Austin  and  Lentz,  2002). 

Here,  we  examine  a  different  mechanism  for  driving  cross-shelf  exchange  on  the 
inner  shelf:  cross-shelf  wind.  Cross-shelf  wind  stresses  have  usually  been  assumed  in¬ 
effective  at  driving  shelf  circulations  (e.g.,  Csanady,  1978;  Allen,  1980;  Brink,  1998). 
Over  middle  and  outer  continental  shelves,  the  cross-shelf  momentum  balance  is  typ¬ 
ically  geostrophic  on  subtidal  time  scales:  the  cross-shelf  pressure  gradient  force  bal¬ 
ances  the  Coriolis  force  due  to  the  along-shelf  flow  (Brown  et  al.,  1985;  Thompson 
and  Pugh,  1986;  Brown  et  al.,  1987;  Noble  and  Butman,  1983;  Lee  et  al.,  1984,  1989; 
Lentz  et  al.,  1999;  Shearman  and  Lentz,  2003;  Liu  and  Weisberg,  2005).  Therefore, 
the  cross-shelf  wind  stress  is  relatively  unimportant  in  the  steady  depth-average  mo¬ 
mentum  balance  at  mid-shelf.  The  mountain-gap  winds  in  the  Gulfs  of  Tehuantepec 
and  Papagayo  are  exceptions,  where  the  wind  stress  curl  due  to  spatial  variations  in 
a  strong  cross-shelf  wind  forces  a  substantial  cross-shelf  circulation,  even  outside  the 
inner  shelf  (McCreary  et  al.,  1989).  In  contrast,  our  focus  here  is  on  spatially  uniform 
wind  stress. 

The  ratio  R  of  the  cross-shelf  wind  stress  to  the  Coriolis  force  due  to  along-shelf 
flow,  R  =  t* /(pofhvda),  where  rf  is  cross-shelf  wind  stress,  p0  is  water  density,  /  is 
the  Coriolis  parameter,  h  is  water  depth,  and  v^a  is  depth-average  along-shelf  current, 
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suggests  the  cross-shelf  wind  stress  is  an  important  term  in  the  momentum  balance 
where  h  is  small  or  Vda  is  weak.  We  estimate  R  for  a  number  of  sites  along  the  Middle 
Atlantic  Bight  by  comparing  the  standard  deviations  of  rf  and  Pofhvda  on  subtidal 
time  scales  (Figure  2-1).  (Note  R  goes  roughly  as  fi_1,  and  R  is  plotted  against  h 
in  Figure  2-1.  We  do  not  use  Figure  2-1  to  argue  for  a  relation  between  /i  1  and  h, 
but  to  illustrate  the  water  depths  h  at  which  R  ~  0(1)).  The  estimates  in  Figure  2- 
1  suggest  the  cross-shelf  wind  stress  is  30%  or  more  of  the  Coriolis  force  in  water 
depths  less  than  25  m,  at  mid-latitudes  on  the  East  Coast  of  the  United  States.  At 
the  Martha’s  Vineyard  Coastal  Observatory  (MVCO),  the  ratio  is  0.9,  indicating  that 
the  cross-shelf  wind  stress  is  an  important  forcing  mechanism  at  this  site.  The  large 
spread  in  R  values  in  shallow  water  is  due  to  both  smaller  variations  in  cross-shelf 
wind  stress  r*  and  larger  variations  in  along-shelf  flow  i>da  at  sites  farther  to  the  south 
in  the  Middle  Atlantic  Bight  (open  symbols  in  Figure  2-1;  sites  north  of  latitude  38° 
are  indicated  by  solid  symbols).  Momentum  balances  calculated  from  observations  in 
10-16  m  water  depth  in  the  South  Atlantic  Bight  (Blanton,  1981;  Lee  et  al.,  1989), 
8  m  depth  in  the  Middle  Atlantic  Bight  (Lentz  et  al.,  1999),  and  15  m  depth  on  the 
West  Florida  Shelf  (Liu  and  Weisberg,  2005)  have  also  indicated  that  the  cross-shelf 
wind  stress  is  an  important  term  in  shallow  water. 

The  cross-shelf  wind  stress,  in  addition  to  being  important  in  the  momentum  bal¬ 
ance,  may  also  drive  a  substantial  cross-shelf  circulation.  Analytical  theories  (Ekman, 
1905;  Garvine,  1971)  and  a  recent  idealized  numerical  modeling  study  (Tilburg,  2003) 
have  suggested  that  cross-shelf  winds  could  drive  significant  cross-shelf  circulations 
where  the  water  is  so  shallow  that  the  circulation  through  the  entire  water  column 
takes  place  within  the  overlapping  top  and  bottom  boundary  layers  of  the  inner  shelf. 
Numerical  modeling  studies  (Li  and  Weisberg,  1999a,b)  of  the  West  Florida  Shelf  re¬ 
veal  that  the  cross-shelf  wind  stress  plays  an  important  role  in  driving  along-shelf  and 
cross-shelf  currents  over  that  inner  shelf.  In  the  Santa  Barbara  channel  in  California, 
strong  offshore  wind  stresses  south  of  Gaviota  Pass  in  the  Santa  Ynez  mountains  are 
significantly  correlated  with  a  two-layer  cross-shelf  circulation  over  the  inner  shelf, 
with  surface-intensified  offshore  flow  in  the  upper  water  column  and  onshore  flow  in 
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the  lower  water  column  (Cudaback  et  al.,  2005).  Nevertheless,  there  has  been  to 
date  no  observational  study  that  examines  the  dependence  of  the  cross-shelf  velocity 
profile  in  the  inner  shelf  on  the  strength  of  the  cross-shelf  wind  forcing. 

It  has  previously  been  difficult  to  separate  the  influences  of  waves,  cross-shelf  wind, 
and  along-shelf  wind  in  observational  studies  because  all  three  types  of  forcing  are 
usually  correlated.  With  a  nearly  6-year-long  time  series  of  wind,  wave,  and  velocity 
data,  however,  we  are  able  for  the  first  time  to  look  at  the  structure  of  the  cross¬ 
shelf  flow  during  times  when  only  one  of  the  three  types  of  forcing  was  strong.  The 
dependence  of  the  cross-shelf  flow  on  wave  forcing  alone  is  discussed  in  Appendix  E. 
Here,  we  examine  the  response  of  the  cross-shelf  flow  to  cross-shelf  wind  stress  alone, 
along-shelf  wind  stress  alone,  and  combined  waves  and  cross-shelf  wind  stress.  We 
present  observations  that  demonstrate  that  cross-shelf  winds  are  more  effective  than 
along-shelf  winds  at  driving  cross-shelf  exchange  flow  at  an  inner  shelf  site.  We  also 
show  that  the  response  to  combined  wave  and  cross-shelf  wind  stress  forcing  is  roughly 
the  sum  of  the  separate  responses  to  wave  forcing  and  cross-shelf  wind  stress  forcing, 
at  least  in  winter. 


2.2  Data  Analysis  Methods 

2.2.1  Martha’s  Vineyard  Coastal  Observatory 

We  use  time  series  of  water  velocity  profiles,  wave,  and  meteorological  data  that 
extend  over  6  years  from  the  underwater-cabled  Martha’s  Vineyard  Coastal  Obser¬ 
vatory  (MVCO).  An  underwater  node  for  this  observatory  is  located  1.5  km  off  the 
south  shore  of  Martha’s  Vineyard,  Massachusetts,  on  the  northeastern  United  States 
continental  shelf  at  41°20.2’N,  70°33.39’W,  in  12  m  of  water,  well  outside  the  surf 
zone  (Figure  2-2).  The  long  time  series  used  here  are  from  a  bottom-mounted  acous¬ 
tic  Doppler  current  profiler  (ADCP)  and  temperature  and  pressure  sensors,  all  lo¬ 
cated  at  the  underwater  node  at  12-m  depth  and  connected  to  a  shore  laboratory 
by  underwater  power  and  fiber-optic  data  transmission  cables.  Meteorological  data 
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are  from  two  masts  on  Martha’s  Vineyard  (mast  Met  A  at  41°21.0’N,  70°31.6’W, 
which  is  2.5  km  east  and  1.5  km  north  of  the  underwater  node,  and  mast  Met  B  at 
41°21.72’N,  70°31.35’W)  and  from  the  MVCO  Air-Sea  Interaction  Tower  (ASIT)  on 
the  15-m  isobath.  Wind  stress  was  calculated  from  the  Smith  (1988)  bulk  formula, 
using  wind  velocity  measured  12.5  m  above  sea  level  on  the  MVCO  shore  masts  and 
18.4  m  above  sea  level  on  the  ASIT.  The  wind  stresses  at  the  shore  masts  have  been 
adjusted  as  described  in  Appendix  A  to  be  representative  of  winds  over  the  water  at 
the  ASIT. 

The  data  cover  the  period  from  19  June  2001  to  10  May  2007.  More  data  are  avail¬ 
able  during  winter  than  summer.  The  instrument  sampling  frequencies  are  all  between 
2  Hz  and  1  cycle  min-1.  The  data  are  archived  by  the  Woods  Hole  Oceanographic 
Institution,  and  time  series  of  20-minute  average  water  velocity,  meteorological  data, 
and  spectrally  resolved  wave  data  are  available  online  at  http://www.whoi.edu/mvco. 
Detailed  information  about  the  instruments  is  available  at  that  site. 

There  are  four  periods  of  at  least  one  month  with  no  available  data:  September 
through  November  2001,  June  through  July  2002,  May  through  August  2004,  and 
August  2005.  In  addition,  we  discarded  the  velocity  and  wave  data  during  several 
periods  when  the  signal  correlation  from  the  ADCP  was  low:  7  February  2002  to 
17  April  2002,  22  February  2004  to  4  April  2004,  8-19  April  2005,  2  February  2006  to 
7  March  2006,  and  25  February  2007  to  24  April  2007.  We  also  linearly  interpolated 
across  all  gaps  shorter  than  12  hr. 

2.2.2  Coordinate  System 

We  define  the  along-shelf  direction  as  the  major  principal  axis  direction  of  the  depth- 
average  subtidal  flow  (defined  in  Section  2.2.6)  when  waves  are  small  (significant 
wave  height  HSig  <  0.75  m;  see  Section  2.4.2  for  details).  Periods  of  small  waves  were 
chosen  because  there  is  a  significant  wave-driven  cross-shelf  depth-average  How  at  this 
site  (Appendix  E).  The  major  principal  axis  direction  is  oriented  5.5°  clockwise  from 
east,  roughly  parallel  to  the  local  isobaths  (Figure  2-2). 

We  use  a  coordinate  system  with  x  positive  offshore,  y  positive  along-shelf  east- 
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ward,  and  z  positive  upward,  where  z  =  0  is  the  mean  sea  surface  height  over  the 
deployment.  The  horizontal  component  of  the  water  velocity  in  this  coordinate  system 
is  u  =  (u,v).  The  wind  stress  is  r8  —  (r*,r]'). 

Wave  and  wind  directions  are  reported  as  degrees  counterclockwise  from  the  posi¬ 
tive  x  axis.  We  use  “upwelling-favorable”  wind  stress  to  indicate  a  wind  stress  oriented 
eastward  along-shelf.  Wind  direction  is  reported  in  the  oceanographic  convention:  an 
onshore  wind  is  blowing  from  the  sea,  toward  land. 

2.2.3  Water  Velocity 

The  MVCO  ADCP  is  a  1200  kHz  RDI  Workhorse  Monitor,  with  0.5-m  bins,  deployed 
in  a  bottom-mounted,  upward-looking  configuration.  We  used  data  from  the  bottom¬ 
most  bin,  at  depth  Zbot  =  —9.5  m,  to  the  top  good  bin,  ztop  =  —2.0  m.  We  determined 
the  top  good  bin  based  on  the  bin-bin  shear  and  the  signal  correlation  returned  by 
the  ADCP. 

To  calculate  depth- average  velocities  (below  the  wave  troughs),  we  assumed  the 
velocity  is  constant  from  the  lowest  ADCP  bin  to  the  bottom  (2=  -12  m),  and  from 
the  top  good  ADCP  bin  to  the  mean  water  surface.  The  results  presented  here  do  not 
change  significantly  if  we  instead  use  linear  extrapolation  to  the  surface,  or  bottom, 
or  both. 


2.2.4  Waves 

The  significant  wave  height  Hsig ,  dominant  wave  period  Tw,  wave  direction  9W,  and 
wave  phase  speed  c  are  calculated  from  the  ADCP  velocity  measurements  as  described 
at  http://www.whoi.edu/mvco. 

The  predicted  onshore  volume  transport  due  to  the  dominant  waves,  Qw,  is 
(Longuet- Higgins,  1953): 

Qw  =  9 J19  cos  6W  (2.1) 

lbc 

where  g  is  the  acceleration  due  to  gravity  and  6W  is  the  direction  the  waves  are 
going,  measured  counterclockwise  from  the  positive  x  axis,  so  6W  =  180°  indicates 
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waves  propagating  directly  onshore.  Note  that  Qw  depends  on  the  wave  period  Tw 
through  the  phase  speed  c(Tw).  This  volume  transport  Qw  takes  place  above  the 
wave  troughs  in  an  Eulerian  reference  frame.  We  use  Hgig  cos  6W  as  the  measure  of  the 
strength  of  the  wave  forcing  at  a  given  time.  For  a  typical  wave  propagating  directly 
onshore  at  MVCO,  with  period  Tw  =  5.5  s  and  significant  wave  height  Hsig  =  1  m, 
H^g  cos  9W  =  —  1  m2  and  Qw  =  —0.08  m2  s-1. 

If  the  circulation  is  along-shelf  uniform,  there  is  a  predicted  offshore  return  flow 
(undertow)  with  a  volume  transport  equal  to  —  Qw  (Figure  2-3,  left).  See  Appendix  E 
for  discussion  of  the  depth  distribution  of  the  undertow  at  this  site. 

2.2.5  Removing  Tides 

The  tidal  velocities  at  MVCO  are  dominated  by  the  M2  tide  (the  lunar  semidiurnal 
tide,  with  period  12.42  hr),  and  are  relatively  large  (Shearman  and  Lentz,  2004). 
Near  the  surface  on  the  12-m  isobath,  the  tidal  velocity  reaches  25  cm  s-1  for  the 
M2  tide,  and  over  35  cm  s-1  for  the  full  tide;  the  depth-average  tidal  velocities  reach 
30  cm  s-1.  These  tidal  velocities  are  elliptical  (eccentricity  e  =  0.1)  and  oriented 
nearly  along-shelf  (the  major  axis  orientation  is  1.5°  counterclockwise  from  due  east 
for  the  M2  tide).  The  tidal  components  other  than  M2  with  major  axis  amplitude  at 
least  2  cm  s-1  at  any  ADCP  bin  at  the  MVCO  Node  were  the  Ki,  N2,  Hi,  and  S2 
tides.  The  tide  [as  determined  by  T.TIDE  (Pawlowicz  et  al.,  2002)]  contributes  79% 
(74%)  of  the  variance  in  the  along-  (cross-)  shelf  depth-average  velocity  20-min  time 
series. 

Because  we  are  interested  here  in  the  non-tidal  component  of  the  velocity,  we 
subtract  from  the  observed  velocity  time  series  (at  each  ADCP  bin  depth)  a  least- 
squares-fit  tidal  prediction  generated  by  T_TIDE  (Pawlowicz  et  ah,  2002).  Because 
some  tidal  components  can  be  clearly  distinguished  in  only  part  of  the  water  column, 
to  be  consistent  we  remove  from  all  depth  bins  the  tidal  components  with  signal-to- 
noise  ratio  greater  than  2  for  at  least  8  of  the  16  ADCP  bins.  To  avoid  removing 
seasonal  variability,  we  limit  the  prediction  to  tidal  frequencies  greater  than  1  cy¬ 
cle/month. 
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2.2.6  Low-Pass  Filtering 

For  analysis  of  the  relation  between  water  velocity,  waves,  and  wind,  we  filtered  the 
de-tided  20-min  water  velocity,  wave,  and  wind  data  with  a  low-pass  filter  of  the  same 
form  as  PL64  (Flagg  et  ah,  1976;  Limeburner  et  ah,  1983),  but  with  a  half-amplitude 
point  of  (24  hr)-1.  We  use  (24  hr)-1  rather  than  a  lower  frequency  because  the 
diurnal  sea-breeze  and  diurnal  tidal  components  are  not  strong  at  MVCO.  To  avoid 
edge  effects  from  the  filter,  we  de-tided  the  time  series,  linearly  interpolated  across 
the  gaps  in  the  time  series,  then  applied  the  filter,  put  back  the  original  gaps,  and 
excluded  data  within  1/2  the  filter  window  width  of  the  gaps.  We  refer  to  the  low-pass 
filtered  water  velocity  as  the  subtidal  flow. 


2.2.7  Surface  Layer  Transport 

To  calculate  the  wind-driven  cross-shelf  transport  in  the  surface  layer,  we  separate 
the  cross-shelf  flow  u(z,t)  into  a  depth-average  part  uda(t),  and  a  depth- varying  part 
u(z,  t): 

u(z,t)  =  u(z,t)  -  uda(t)  (2.2) 


where 


1  f° 

^{t)  =  kL 


u(z,  t)  dz 


(2.3) 


is  the  depth-average  cross-shelf  flow.  We  then  define  the  cross-shelf  surface  layer 
transport  U8  as 

Us{t)=  I  u(z,t)dz  (2.4) 

J  Zcross 


where  zcross  is  the  depth  of  the  first  zero  crossing  of  u(z,t).  Us  is  an  Eulerian  cross¬ 
shelf  volume  transport  per  unit  along-shelf  distance.  The  total  cross-shelf  velocity 
u(z,t )  is  driven  by  a  combination  of  cross-shelf  and  along-shelf  winds,  waves,  and 
any  other  forcing  that  is  present  (for  example,  pressure  gradients  due  to  topographic 
variations).  We  are  interested  only  in  the  wind-driven  part  of  the  depth-dependent 
cross-shelf  transport.  We  subtract  the  depth-average  flow  from  u(z,  t )  to  calculate 
Us  following  the  approach  of  previous  observational  studies  (Lentz,  2001;  Kirincich 


38 


et  al.,  2005). 


2.2.8  Bin  Averaging 

We  take  advantage  of  the  large  number  of  synoptic  wind  and  wave  forcing  events  in 
the  MVCO  time  series  to  separate  those  events  into  cases  where  only  the  cross-shelf 
wind  or  the  along-shelf  wind  forcing  is  strong,  and  the  other  two  forcings  are  weak 
(see  Sections  2.4. 1-2. 4. 2  for  definitions  of  weak  forcing).  By  examining  those  three 
cases  separately,  we  are  able  to  isolate  the  effect,  of  each  forcing  mechanism  on  the 
cross-shelf  flow.  For  example,  to  determine  the  dependence  of  the  cross-shelf  velocity 
profile  on  the  cross-shelf  wind  stress,  we  calculated  the  time-mean  cross-shelf  velocity 
profile  for  cross-shelf  wind  stress  bins  covering  the  full  range  of  observed  low-frequency 
cross-shelf  wind  stresses  (-0.49  Pa  to  1.05  Pa).  Each  velocity  profile  is  a  mean  over 
times  when  rf  is  in  the  wind  stress  range  covered  by  that  bin.  It  is  also  a  conditional 
average  velocity  profile:  the  time  average  is  taken  only  over  times  that  satisfy  the 
condition  that  the  along-shelf  wind  stress  and  the  waves  are  both  small.  We  then  use 
each  average  velocity  profile  to  calculate  the  Us  that  corresponds  to  that  cross-shelf 
wind  stress  forcing. 

2.2.9  Standard  Error 

Our  standard  error  calculations  for  the  low-pass  filtered  data  assume  one  independent 
data  point  every  24  hours,  based  on  the  filter  cutoff  of  (24  hr)-1  and  the  observed 
decorrelation  time  scales  of  the  wind  stress  (~  19-21  hr),  wave  forcing  (~31  hr  for 
Hgigcos6w),  along-shelf  velocity  (~  17  hr),  and  cross-shelf  velocity  (~  4  hr),  where 
we  estimate  the  decorrelation  time  as  twice  the  time  over  which  the  autocorrelation 
function  of  the  20-min  data  drops  from  1  (at  zero  lag)  to  0.5. 
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2.3  Models  of  Wind-  and  Wave-Driven  Flow 


We  compare  the  observed  cross-shelf  velocity  profiles  u(z,  t )  to  the  profiles  predicted 
by  simple  models  of  wind-  and  wave-forced  flow.  The  comparison  reveals  whether 
or  not  the  observations  are  consistent  with  our  understanding  of  wind  and  wave 
forcing,  and  also  whether  the  existing  models  are  adequate  to  reproduce  observed 
flows.  Finally,  we  use  the  process  models  described  below  as  tools  to  give  a  dynamical 
interpretation  of  the  observations. 

2.3.1  Model  of  Wind-Driven  Flow 

The  cross-shelf  velocity  profile  for  cross-shelf  wind  stress  forcing  in  water  shallow 
compared  to  the  boundary  layer  depth,  with  a  no-slip  bottom,  a  coastal  wall,  and 
a  constant  eddy  viscosity,  was  found  analytically  by  Ekman  (1905).  That  velocity 
profile  has  a  two-layer  structure,  with  the  strongest  flow  at  the  surface  in  the  direction 
of  the  wind  stress  and  a  compensating  return  flow  in  the  lower  layer.  To  account 
for  the  dependence  of  eddy  viscosity  on  wind  stress  forcing,  we  use  a  slightly  more 
complicated  model. 

We  compare  the  observed  cross-shelf  velocity  profiles  11(2)  to  the  cross-shelf  ve¬ 
locity  profile  uT(z)  predicted  by  a  two-dimensional  (along-shelf  uniform)  numerical 
model  with  constant  density.  We  use  only  winter  data  to  compare  with  the  model, 
since  the  water  column  at  MVCO  is  more  likely  to  be  unstratified  in  winter  than  sum¬ 
mer.  The  model  is  described  in  detail  in  Lentz  (1995).  It  numerically  finds  the  steady 
solution  to  the  linear  momentum  equations,  with  prescribed  wind  stress  and  along- 
shelf  pressure  gradient  forcing,  a  coastal  boundary  condition  of  zero  net  cross-shelf 
flow,  and  a  choice  of  eddy  viscosity  profiles.  The  eddy  viscosity  in  the  model  depends 
on  the  surface  and  bottom  stresses,  and  therefore  on  the  velocity  profile.  Lentz  (1995) 
considered  the  cases  of  forcing  by  an  along-shelf  wind  stress  and  an  along-shelf  pres¬ 
sure  gradient.  Here,  we  consider  forcing  by  a  cross-shelf  or  along-shelf  wind  stress. 
We  use  model  parameters  identical  to  those  given  in  Lentz  (1995).  The  exact  choice  of 
eddy  viscosity  profile  is  not  important  here.  We  show  results  for  bilinear  cutoff,  cubic, 
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and  cubic  divided  by  y/2  (MYApprox)  eddy  viscosity  profiles.  Detailed  descriptions 
of  the  bilinear  cutoff  and  cubic  profiles  are  given  in  Lentz  (1995).  The  different  eddy 
viscosities  are  only  used  here  to  show  the  range  of  the  predicted  cross-shelf  velocity 
response  for  reasonable  choices  of  the  eddy  viscosity  profile. 

We  do  not  expect  such  a  simple  numerical  model  to  reproduce  exactly  the  observed 
cross-shelf  flow.  The  vertical  mixing  of  momentum  in  reality  may  depend  on  the 
waves,  stratification,  and  surface  buoyancy  fluxes,  none  of  which  are  included  in  the 
model.  The  dependence  of  the  vertical  mixing  of  momentum  on  the  wind  stress  and 
bottom  stress  is  also  likely  more  complicated  than  what  the  model  represents  with 
its  eddy  viscosity  profiles.  Here,  we  examine  the  possibility  that  the  observed  cross¬ 
shelf  flow  is  driven  by  a  single  physical  process:  forcing  by  the  cross-shelf  wind.  We 
therefore  use  the  simplest  possible  numerical  model  that  can  represent  that  physical 
process,  with  the  mixing  depending  on  the  wind  stress  in  a  reasonable  way. 

To  calculate  the  surface  layer  transport  Us  predicted  by  the  model,  we  sample 
the  model  velocity  profile  in  the  same  way  the  ADCP  samples  the  observed  water 
column.  We  discard  the  model  velocity  profile  uT(z,  t)  above  the  depth  of  the  top 
good  ADCP  bin  and  below  the  depth  of  the  bottom  good  ADCP  bin,  use  a  constant 
velocity  profile  from  ztop  =  -2.0  m  to  2  =  0  and  from  zbot  =  -9.5  m  to  2  =  —h,  and 
calculate  Us  from  the  result. 


2.3.2  Model  of  Wave-Driven  Flow 

The  companion  study  in  Appendix  E  demonstrates  that  the  observed  cross-shelf  ve¬ 
locity  profiles  at  MVCO  during  weak  wind  stresses  in  winter  seem  to  match  the 
prediction  of  Hasselmann  (1970)  for  the  Eulerian  flow  driven  by  surface  gravity  waves 
under  the  influence  of  Earth’s  rotation.  I11  that  model,  the  velocity  profile  uH  is  pre¬ 
dicted  to  be  equal  in  magnitude  and  opposite  in  sign  to  the  Lagrangian  Stokes  drift 
velocity  profile  ust  (Hasselmann,  1970),  as  in  Figure  2-3: 

uH{z,t)  =  ~ust(z,t)  (2.5) 
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where  the  ^-component  of  the  Stokes  drift  due  to  a  monochromatic  wave  is  (Longuet- 
Higgins,  1953) 

akH'i.  \9.k  ( 7.  4-  hW 

cos  6W  (2.6) 


/  ,x  _  9kH]ig  cosh  [2k  (z  +  h)] 
Ust  Z'  8c  sinh  (2 kh) 


The  derivation  of  (2.5)  is  reviewed  in  detail  in,  e.g .,  Xu  and  Bowen  (1994).  We 
use  (2.5)  as  the  model  for  wave-driven  offshore  flow  (undertow)  to  compare  with  the 
ADCP  observations  in  winter.  The  depth-average  of  ust  calculated  from  Eq.  (2.6) 
using  the  observed  dominant  wave  characteristics,  which  we  use  here  for  simplicity, 
is  about  15%  larger  than  the  depth- average  of  ust  calculated  by  integrating  over  the 
directionally-resolved  wave  spectrum  (Appendix  E). 


2.4  Context 

2.4.1  Wind  Stress  Forcing 

The  wind  stress  forcing  at  this  site  is  dominated  by  synoptic  variability  (time  scales  of 
a  few  days,  associated  with  the  passage  of  weather  systems),  and  does  not  have  a  large 
mean  value.  Monthly  mean  cross-shelf  (along-shelf)  wind  stresses  are  no  more  than 
0.03  (0.07)  Pa  in  any  season  (Figure  2-4),  and  the  standard  deviations  are  at  least 
twice  as  large  as  the  means,  during  all  seasons.  Both  the  mean  and  the  variability 
of  the  wind  stress  are  larger  in  winter  than  summer.  The  winds  at  this  site  are  not 
strongly  polarized  in  any  season,  in  contrast  to  the  mean  upwelling-favorable  winds 
on  the  West  Coast  of  the  United  States  in  summer  (e.g.,  Huyer,  1983).  The  standard 
deviations  of  the  cross-shelf  and  along-shelf  wind  stress  components  at  this  site  have 
similar  magnitudes,  about  0.08-0.09  Pa. 

For  the  remaining  analysis,  |rf  |  <  0.035  Pa  is  considered  a  small  (low- pass  filtered) 
cross-shelf  wind,  and  |xj'|  <  0.035  Pa  a  small  along-shelf  wind.  If  we  choose  a  smaller 
cutoff  value,  too  few  data  remain  for  statistically  significant  calculations  in  the  small 
wind  regime.  We  identify  times  when  the  total  wind  stress  was  small  as  having 
|ts|  <  0.035  Pa.  The  total  wind  stress  is  small  30%  of  the  time. 
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2.4.2  Wave  Forcing 


The  monthly  mean  significant  wave  height,  and  the  strength  of  the  synoptic  variabil¬ 
ity  in  wave  forcing,  are  larger  during  winter  than  summer  (Figure  2-4).  The  mean 
dominant  wave  period  is  about  5.5  s,  with  little  seasonal  variation. 

The  time-mean  of  the  wave  forcing  cos  0W  is  comparable  in  magnitude  to  the 
low-frequency  variability  of  Hgigcos6w.  This  is  partly  because  Hgigcosdw  is  almost 
always  negative,  since  the  waves  are  propagating  onshore  (0W  ~  180°).  The  mean 
wave  forcing  over  all  times  is  -1.2  m2,  and  the  standard  deviation  on  subtidal  time 
scales  is  1.5  cm  s-1.  Both  the  mean  wave  forcing  and  its  variability  are  larger  in 
winter  than  summer. 

We  use  Hlg  cos  0W  —  0.5  m2  as  the  cutoff  below  which  the  wave  forcing  is  small. 
This  corresponds  to  Hsig  <  0.75  m.  If  we  choose  a  smaller  cutoff  value,  too  few  data 
remain  for  statistically  significant  calculations  in  the  small  wave  regime.  The  waves 
are  small  40%  of  the  time.  Waves  and  wind  stress  are  both  small  20%  of  the  time. 

2.4.3  Mean  Flow 

The  time-mean  depth-average  flow  observed  by  the  ADCP  (mean  for  all  times  and  all 
wave  conditions)  is  westward  and  offshore  (Figure  2-2),  and  stronger  (more  westward) 
in  summer  than  winter.  The  offshore  component  of  the  mean  flow  is  almost  entirely 
explained  by  wave-driven  undertow  (Appendix  E),  and  is  therefore  consistent  with 
a  two-dimensional  (along-shelf  uniform)  circulation.  The  monthly  mean  cross-shelf 
depth-average  flow  is  approximately  1  cm  s-1  during  all  seasons  (Figure  2-4).  The 
monthly  mean  along-shelf  depth-average  flow  is  1  cm  s-1  or  less  westward  during 
November-February,  but  up  to  about  6  cm  s-1  westward  during  April-September. 
Accordingly,  we  define  summer  as  April  1-September  30  and  winter  as  October  1- 
March  31  for  this  study.  The  time-mean  depth-average  flow  during  times  when  waves 
are  small  is  nearly  in  the  along-shelf  westward  direction,  and  has  a  strength  of  3  cm  s-1 
consistent  with  (but  slightly  smaller  than)  the  time-mean  flows  observed  at  mid-shelf 
in  this  area  (Beardsley  et  ah,  1985;  Shearman  and  Lentz,  2003;  Lentz,  2007a). 
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2.4.4  Wave  and  Wind  Forcing  are  Correlated 

The  three  forcing  mechanisms  considered  here  (waves,  cross-shelf  wind,  and  along- 
shelf  wind)  are  all  correlated  (Figure  2-5).  The  correlation  coefficient  of  rsx  with  tVs  is 
only  r  =  —0.06  at  zero  lag  (95%  significance  level  is  |rs|  =  0.01),  but  the  correlation 
of  onshore  wind  stress  with  upwelling-favorable  wind  stress  (rx  <  0  and  rj'  >  0)  is 
r  =  —0.43  at  zero  lag  (|rs|  =  0.08).  At  this  location  an  upwelling-favorable  wind 
stress  is  usually  associated  with  an  onshore  wind  stress  (Figure  2-5c). 

The  correlation  of  wind  stress  magnitude  |rs|  with  H]ig  cos 6W  has  an  extreme  of 
r  =  —0.52  (|rs|  =  0.05)  on  subtidal  time  scales,  when  Hligcos6w  is  lagged  3  hr  with 
respect  to  the  wind  stress.  Although  offshore  wind  stresses  are  generally  associated 
with  small  waves,  onshore  wind  stresses  are  strongly  correlated  with  wave  height 
because  the  fetch  is  much  larger  for  onshore  than  offshore  winds  (Figure  2-5a).  Strong 
along-shelf  winds  of  either  direction  are  associated  with  large  waves  (Figure  2-5b). 
These  correlations  are  one  reason  why  it  has  previously  been  difficult  to  separate  the 
influences  of  waves,  cross-shelf  wind,  and  along-shelf  wind  observationally. 


2.5  Results 

2.5.1  Correlation  of  Cross-Shelf  Flow  with  Forcing 

The  cross-shelf  flow  u(z,t )  on  the  inner  shelf  at  MVCO  is  significantly  linearly  cor¬ 
related  at  zero  lag  at  the  95%  confidence  level  with  the  wave  forcing  H%ig  cos  0W  and 
the  cross-shelf  wind  stress  rf,  and  also  with  the  along-shelf  wind  stress  at  a  few 
depths  near  the  surface  (Figure  2-6b).  Although  the  relation  between  the  wind  and 
wave  forcing  and  the  resulting  cross-shelf  flow  is  not  linear,  as  discussed  below,  the 
linear  correlation  coefficient  still  gives  a  crude  measure  of  the  strength  of  the  relation. 
The  correlation  with  along-shelf  wind  stress,  which  is  the  forcing  mechanism  usually 
thought  to  drive  cross-shelf  exchange  via  coastal  upwelling  and  downwelling,  is  the 
weakest  of  the  three. 

The  cross-shelf  flow  in  the  lower  half  of  the  water  column  is  mainly  associated  with 
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cross-shelf  wind  stress  (onshore  flow  for  offshore  winds;  Figure  2-6b).  Cross-shelf  flow 
in  the  uppermost  part  of  the  water  column  is  equally  correlated  with  waves  and  with 
cross-shelf  wind  stress. 

The  results  are  different,  when  we  use  all  data  (Figure  2-6a)  or  use  only  data 
from  times  when  one  forcing  mechanism  is  strong  (Figure  2-6b)  because  the  different 
forcing  types  are  correlated  (Section  2.4.4).  For  example,  the  responses  to  wave  and 
cross-shelf  wind  forcing  can  cancel  each  other.  Flow  is  onshore  in  the  top  ADCP  bins 
during  shoreward  winds,  and  offshore  during  wave  forcing  (Figure  2-6b).  Because 
shoreward  winds  are  correlated  with  large  wave  events  (Figure  2-5),  shoreward  winds 
appear  unimportant  in  driving  cross-shelf  flow  in  the  upper  water  column  until  only 
times  of  small  waves  are  considered  (compare  solid  black  dots  in  Figure  2-6a  and  b). 
Also,  when  we  consider  all  times  together,  the  along-shelf  wind  incorrectly  appears 
to  be  an  important  forcing  mechanism  for  cross-shelf  flow  (Figure  2-6a).  That  is 
why,  in  this  study,  we  consider  only  the  events  when  either  wind  or  wave  forcing 
is  strong,  but  not  both,  in  order  to  understand  the  response  of  the  system  to  each 
forcing  mechanism  separately. 

2.5.2  Cross-Shelf  Flow  Profiles  During  Wind  Forcing  Alone 

There  is  a  non-zero  time-mean  cross-shelf  velocity  present  when  both  waves  and 
winds  are  weak  (Figure  2-7a,  solid  line).  We  refer  to  this  as  the  background  velocity 
profile.  The  background  velocity  has  a  two-layer  structure:  onshore  in  the  lowest 
part  of  the  water  column,  and  offshore  in  the  upper  part  of  the  water  column.  It 
reaches  a  maximum  of  about  1  cm  s-1  in  the  uppermost  ADCP  bin.  The  background 
velocity  is  slightly  stronger  in  summer  than  winter  (Figure  2-7a,  dashed  and  dash-dot. 
lines).  There  are  several  possible  explanations  for  this  background  velocity,  including 
pressure  gradients  due  to  along-shelf  variations  in  bathymetry.  Since  the  background 
velocity  profile  is  present,  when  wave  and  wind  forcing  are  both  weak,  we  assume  it.  is 
not  directly  driven  by  waves  or  winds.  We  subtract,  this  background  velocity  profile 
in  all  of  the  following  analyses,  including  the  velocity  profiles  shown  in  Figure  2-7b-d. 

During  wave  forcing  (when  the  wind  stress  is  small),  the  cross-shelf  flow  is  offshore 


45 


through  most  of  the  water  column  below  the  wave  troughs  for  waves  propagating 
onshore.  The  flow  is  surface-intensified  and  stronger  during  larger  waves  (Figure  2- 
7b).  Onshore- propagating  waves  generate  an  offshore  flow  (undertow)  at  this  location, 
even  though  it  is  1.5  km  offshore,  well  outside  the  surfzone  ( HSig/h  >  0.4  never 
occurred,  and  Hsig/h  >  0.25  occurred  less  than  1%  of  the  time  in  the  unfiltered 
data).  The  dependence  of  the  cross-shelf  flow  on  wave  forcing  at  this  site  is  described 
in  (Appendix  E)  and  will  not  be  detailed  here. 

During  cross-shelf  wind  stress  forcing  (when  waves  and  along-shelf  wind  stress 
are  both  small),  the  cross-shelf  flow  has  a  two-layer  structure  (Figure  2-7c).  For 
onshore  winds,  the  flow  is  onshore  in  the  upper  water  column  and  offshore  in  the 
lower  water  column.  For  offshore  winds,  the  flow  is  nearly  the  reverse.  The  cross¬ 
shelf  velocity  profiles  we  observe  during  offshore  wind  stress  forcing  are  similar  to 
the  spatial  part  of  the  first  empirical  orthogonal  function  (EOF)  of  the  cross-shelf 
flow  observed  at  15  m  depth  on  the  southern  California  shelf  south  of  the  Gaviota 
mountain  pass,  where  strong  offshore  winds  occur  (Cudaback  et  ah,  2005).  The 
temporal  part  of  that  EOF  is  correlated  with  the  cross-shelf  wind  stress.  The  zero 
crossing  of  the  cross-shelf  velocity  profile  at  MVCO  is  at  a  depth  of  4. 8-5. 5  m  (3.3 
5.5  m)  in  winter  (summer),  approximately  one-third  to  one-half  the  water  depth,  for 
the  binned  profiles  for  all  cross-shelf  wind  stress  values  except  when  the  wind  stress 
magnitude  is  less  than  0.3  Pa  (not  shown).  This  is  consistent  with  the  modeled  uT 
(Section  2.3.1),  which  has  its  zero  crossing  at  a  depth  of  4.6-4. 7  m  for  wind  stress 
values  0.05  <  |rjf  |  <  0.25  Pa.  The  model  predictions  of  the  cross-shelf  velocity  profiles 
uT  compare  reasonably  well  with  the  average  observed  profiles  for  both  onshore  and 
offshore  wind  stresses,  considering  that  the  model  parameters  have  not  been  adjusted 
to  maximize  the  fit  to  the  data  (Figure  2-7c).  The  model  velocity  profiles  are  shown 
for  the  cubic  eddy  viscosity  profile,  for  r®  =  —0.06  Pa  and  0.07  Pa,  which  are  the 
mean  observed  r*  values  for  the  wind  stress  ranges  -0.1  Pa  <  rf  <  —0.05  Pa  and 
0.05  Pa  <  Tf  <0.1  Pa,  respectively. 

During  along-shelf  wind  stress  forcing  (when  waves  and  cross-shelf  wind  stress  are 
both  small),  the  cross-shelf  flow  displays  essentially  no  response  (Figure  2-7d).  This  is 
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in  contrast  to  typical  mid-shelf  sites,  where  the  along-shelf  wind  stress  is  the  dominant 
component  of  wind  forcing,  and  drives  a  coastal  upwelling  or  downwelling  circulation. 
At  MVCO,  along-shelf  winds  do  not  generate  as  large  a  cross-shelf  circulation  as 
do  cross-shelf  winds  (or  waves).  The  observed  profiles  during  along-shelf  wind  stress 
forcing  are  roughly  consistent  with  the  predicted  uT  when  the  model  is  driven  with  an 
along-shelf  wind  stress;  the  model  profiles  are  shown  in  Figure  2-7d  for  r|  =  —0.07  Pa 
and  rj'  =  0.06  Pa,  which  are  the  mean  observed  rsy  values  for  the  wind  stress  ranges 
-0.1  Pa  <  rsy  <  —0.05  Pa  and  0.05  Pa  <  <  0.1  Pa,  respectively.  The  model  predicts 

very  little  response  of  the  cross-shelf  circulation  to  along-shelf  wind  forcing  at  this 
water  depth,  in  agreement  with  the  observed  (lack  of)  response. 

2.5.3  Cross-Shelf  Profiles  During  Combined  Forcing 

We  also  examined  the  cross-shelf  velocity  profiles  during  times  when  both  cross-shelf 
wind  and  wave  forcing  were  strong.  Onshore  winds  rarely  occur  without  substantial 
wave  forcing,  and  offshore  winds  are  sometimes  accompanied  by  remotely  generated 
waves  propagating  onshore,  so  it  is  important  to  understand  the  response  to  combined 
forcing. 

We  compare  the  observed  profiles  during  combined  forcing  to  a  simple  model 
of  combined  wind  and  wave  forcing:  we  assume  the  velocity  profile  during  combined 
forcing,  ut+h ,  is  the  sum  of  the  model  profiles  during  separate  forcing  (Sections  2.3.1 
2.3.2): 

Ut+H  =  T  u H  (2.7) 

where  uT  is  the  modeled  velocity  due  to  wind  forcing  only,  and  uH  is  the  modeled 
velocity  due  to  wave  forcing  only,  Eq.  (2.5).  Another  approach  is  to  incorporate  the 
wave  forcing  into  the  numerical  model  of  Lentz  (1995),  so  that  the  wave-driven  flow 
influences  the  surface  and  bottom  stresses  and  therefore  the  eddy  viscosity  profile 
that  determines  the  wind-driven  response  uT.  We  find  that  approach  gives  results 
very  similar  to  (2.7)  for  all  but  the  largest  wave  forcing,  in  which  case  the  profile 
predicted  by  the  combined  model  is  less  vertically  sheared  near  the  surface  than 
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the  linear  superposition  in  (2.7).  For  simplicity,  we  use  (2.7)  to  compare  with  the 
observations. 

The  comparison  of  ut+h  with  observed  mean  profiles  is  shown  in  Figure  2-8  for 
several  representative  forcing  regimes,  using  winter  data  only  because  the  models 
are  unstratified.  We  subtracted  from  the  observations  both  the  background  velocity 
profile  (Figure  2-7c)  and  the  part  of  the  depth-average  flow  that  differed  from  the 
depth  average  of  in  each  case  (similarly  to  Section  2.2.7). 

Although  the  mean  observed  wave  height  is  constant  within  each  row  in  Figure  2- 
8,  the  wave-driven  circulation  (dotted  lines)  decreases  from  left  to  right  in  each  row, 
as  the  wind  goes  from  onshore  to  offshore  and  the  fetch  decreases  ( e.g .,  compare 
upper  left  and  upper  right  panels  in  Figure  2-8).  This  is  because,  as  the  wind  goes 
from  onshore  to  offshore,  the  dominant  wave  period  Tw  increases,  so  the  phase  speed 
c  increases,  and  both  Qw  and  uh  decrease  (Sections  2.2.4  and  2.3.2).  The  increase  in 
wave  period  for  offshore  winds  is  at  first  counterintuitive  because  the  fetch  is  smaller 
for  offshore  winds.  The  explanation  involves  the  presence  of  both  wind  waves  (small 
Tw )  and  swell  (large  Tw).  The  wave  height  Hsig  is  calculated  from  the  total  energy 
in  the  water  velocity  spectrum.  The  amount  of  energy  in  the  wind-wave  part  of  that 
spectrum  is  smaller  for  smaller  fetch  (offshore  winds).  Therefore,  for  a  given  Hsig 
(along  a  row  in  Figure  2-8),  more  of  the  wave  energy  is  due  to  remotely  generated 
swell  during  offshore  winds,  so  the  dominant  Tw  is  larger,  and  the  predicted  wave- 
driven  circulation  is  smaller,  for  offshore  winds. 

The  circulation  driven  by  the  cross-shelf  wind  stress  during  small  waves  (bottom 
row  of  Figure  2-8)  is  roughly  symmetric  in  the  wind  direction,  as  discussed  in  Sec¬ 
tion  2.5.2.  As  the  wave  forcing  increases  (going  from  the  bottom  to  the  top  row  in 
Figure  2-8),  however,  the  roughly  symmetric  wind-driven  circulation  evident  in  the 
bottom  row  is  gradually  overwhelmed  by  the  wave-driven  undertow,  which  is  always 
directed  offshore  (as  in  the  middle  column).  Therefore,  during  strong  wave  forcing 
(top  row  of  Figure  2-8),  the  cross-shelf  circulation  is  no  longer  symmetric  in  the  wind 
direction:  the  cross-shelf  velocity  profile  is  nearly  vertically  uniform  for  large  waves 
and  onshore  winds  because  the  vertical  shears  are  similar  in  magnitude  but  of  op- 
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posite  sign,  while  for  large  waves  and  offshore  winds  the  velocity  profile  is  strongly 
sheared  because  the  wave-  and  wind-driven  shears  are  large  and  of  the  same  sign.  The 
Eulerian  velocity  profiles  during  combined  cross-shelf  wind  and  strong  wave  forcing 
range  from  vertically  uniform  (upper  left  panel)  to  a  profile  with  a  depth-dependent, 
part  that  looks  like  an  upwelling  circulation  (upper  right  panel). 

The  response  to  combined  wind  and  wave  forcing  is  roughly  a  linear  combination 
of  the  separate  responses  uT  to  wind  forcing  and  uH  to  wave  forcing  (Figure  2-8; 
Appendix  E).  The  discrepancy  between  the  modeled  and  observed  profiles  is  larger 
in  summer  than  winter  (not  shown);  in  summer,  the  observed  profiles  are  more  ver¬ 
tically  sheared  than  in  Figure  2-8  but  the  model  profiles  are  the  same  because  the 
models  are  unstratified.  The  linear  correlation  between  the  model  uT+H(z,  t)  and  the 
observations  u(z,  t )  at  any  one  depth  is  rw  =  0.75  in  winter  and  rs  =  0.56  in  summer 
(average  correlation  coefficient  for  all  depths,  all  correlations  at  zero  lag),  and  the 
95%  confidence  level  is  rs  =  0.07  -  0.08  in  both  cases.  At  mid-depth  in  winter,  the 
correlation  is  r  =  0.82.  Therefore,  the  model  uT+n(z,t)  explains  56%  of  the  subtidal 
variance  in  the  cross-shelf  velocity  on  average  in  winter  (r^  =  0.56),  and  as  much  as 
67%  of  the  variance  at  mid-depth. 

2.5.4  Cross-Shelf  Transport  in  the  Upper  Layer 

Because  the  flow  has  a  two-layer  structure  during  cross-shelf  wind  forcing  (Figures  2- 
7c  and  2-8,  bottom  row),  the  dependence  of  the  cross-shelf  flow  profile  on  wind  forcing 
can  be  quantitatively  characterized  by  the  volume  transport  in  the  upper  layer,  Us. 
The  background  velocity  profile  described  in  Section  2.5.2  (Figure  2-7a)  is  subtracted 
from  the  observed  profile  for  each  season  separately  before  calculating  Us. 

A  substantial  cross-shelf  transport  is  associated  with  cross-shelf  winds  (Figure  2- 
9a).  We  observe  an  approximately  linear  relation  between  the  strength  of  the  cross¬ 
shelf  transport  and  the  cross-shelf  wind  stress  over  the  range  of  wind  stress  values 
observed  when  waves  are  small,  during  both  summer  and  winter.  There  were  few 
times  when  the  cross-shelf  wind  stress  was  strongly  onshore  but  the  waves  were  small 
(Figure  2-5a),  so  the  observations  do  not  extend  to  very  large  negative  values  of 
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Tg.  The  upper-layer  cross-shelf  transport  response  is  approximately  twice  as  large  in 
summer  as  in  winter  (Figure  2-9a)  for  a  given  strength  of  offshore  wind  stress. 

We  use  the  model  prediction  for  wave-driven  flow  to  extend  the  plot  of  Us  vs.  r*  in 
winter  beyond  the  range  of  Figure  2-9  to  larger  values  of  wind  stress,  when  waves  are 
generally  present.  To  do  this,  we  consider  all  wave  conditions,  and  subtract  from  the 
observed  velocity  profile  the  predicted  wave-driven  velocity  profile  uh  (Section  2.3.2). 
We  then  calculate  an  extended  surface  layer  transport  U's  from  the  resultant  u(z,  t)  — 
Un(z,t)  in  the  same  manner  as  in  Section  2.2.7.  U'a  compares  well  with  the  observed 
Us  during  small  waves  in  winter,  where  the  two  sets  of  data  overlap  (compare  open 
and  closed  symbols,  Figure  2-10).  U's  is  approximately  symmetric  with  respect  to  the 
cross-shelf  wind  direction  (Figure  2-10,  left).  With  the  extended  range  of  wind  stress, 
we  can  see  that  the  response  is  not  actually  linear  for  onshore  wind  stresses.  For 
small  cross-shelf  wind  stresses,  |rf  |  <  0.025  Pa,  the  response  is  approximately  linear 
in  Ta.  Above  that  wind  stress  magnitude,  however,  \U'S\  increases  more  slowly  with 
increasing  |r*|. 

The  reduced  slope  of  Us'  vs.  rf  for  large  onshore  wind  stress  forcing  (Figure  2- 
10)  can  be  thought  of  as  due  to  overlap  of  the  top  and  bottom  Ekman  layers  for 
increasing  wind  stress,  and  a  resulting  shutdown  of  the  wind-driven  response.  This 
is  consistent  with  the  idea  that  when  the  wind  stress  (cross-shelf  or  total)  becomes 
large,  the  top  and  bottom  boundary  layers  overlap  to  the  extent  that  vertical  transfer 
of  momentum  through  the  water  column  is  extremely  rapid.  Then  the  cross-shelf 
velocity  is  reduced,  and  Us  (or  U's)  cannot  increase  as  rapidly  with  wind  stress  as  it 
does  for  small  wind  forcing.  The  numerical  model  crudely  represents  this  process, 
and  the  model  predictions  agree  with  the  observed  Us.  This  model-data  agreement 
suggests  that  the  cross-shelf  velocity  response  we  observe  at  MVCO  during  cross-shelf 
wind  stress  forcing  is  indeed  a  response  to  the  cross-shelf  wind  stress,  and  not  to  some 
other  forcing  that  is  simply  correlated  with  cross-shelf  wind  stress. 

The  cross-shelf  transport  observed  during  cross-shelf  wind  forcing  of  either  di¬ 
rection  in  winter  is  small  compared  to  the  transport  expected  at  mid-shelf  (dashed 
and  dotted  lines  in  Figure  2-9a),  except  during  very  weak  cross-shelf  wind  stress 
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(0  <  Tg  <  0.025  Pa).  (The  maximum  predicted  Us/T*p0f  for  cross-shelf  wind  is 
larger  than  0.2,  and  up  to  at  least  0.45,  for  eddy  viscosities  that  are  not  constant 
vertically,  based  on  the  numerical  model  of  Lentz  (1995)).  The  small  cross-shelf 
transport  at  MVCO  is  consistent  with  the  idea  that  this  site  at  12-m  water  depth  is 
within  the  inner  shelf  for  all  but  the  smallest  wind  stresses  in  winter. 

To  compare  the  surface  layer  transport  from  the  unst.ratified  model  with  the  ob¬ 
servations,  we  used  winter  data  only.  In  winter,  however,  the  surface  heat  flux  is  often 
cooling  the  ocean  and  the  water  column  may  be  actively  converting,  rather  than  sim¬ 
ply  unstratified.  In  that  case,  with  enhanced  vertical  mixing  of  momentum,  we  would 
expect  a  decreased  cross-shelf  transport  response.  Indeed,  the  surface  transport  Us 
during  offshore  winds  in  winter  is  smaller  when  we  consider  only  times  when  the  ocean 
is  strongly  cooling  (surface  heat  flux  more  negative  than  -50  W  m-2,  not  shown). 

We  observe  almost  no  dependence  of  the  cross-shelf  transport  Us  on  the  along- 
shelf  wind  stress  during  winter  (Figures  2-9b  and  2- 10b).  There  seems  to  be  a  weak 
non-zero  cross-shelf  transport  associated  with  upwelling-favorable  wind  forcing  in 
summer,  although  there  are  very  few  events  with  upwelling-favorable  wind  stress  but 
weak  cross-shelf  wind  and  small  waves  (Figure  2-9b).  There  is  also  some  indica¬ 
tion  of  onshore  transport  in  the  surface  layer  (i.e.,  a  downwelling  circulation)  during 
downwelling-favorable  wind  stress  in  summer  during  times  when  the  surface  heat  flux 
is  positive  (>  50  W  m-2,  not  shown).  It  is  unclear  whether  the  data  extended  to 
all  wave  conditions  (Figure  2-10b,  open  circles)  actually  represent  the  response  to 
along-slielf  wind  forcing  (it  seems  unlikely  that  upwelling-favorable  wind  causes  a 
downwelling  circulation  in  winter)  or  are  artifacts  of  the  small  but  finite  cross-shelf 
wind  forcing,  or  inaccuracy  of  the  wave  model  (the  surface  heat  flux  was  cooling  the 
ocean  during  those  events,  and  the  strong  vertical  mixing  that  is  probably  associated 
with  that  surface  cooling  is  neglected  by  the  wave  model).  Nevertheless,  both  the  ob¬ 
served  and  the  predicted  responses  to  along-shelf  wind  stress  are  small  for  this  water 
depth.  The  observed  and  modeled  Us  for  along-shelf  wind  stress  (Figure  2-9b,  solid 
symbols  and  solid  line)  do  agree  reasonably  well,  considering  that  the  signal  of  Us  vs. 
rj'  is  so  weak. 
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2.6  Discussion 


2.6.1  Overestimation  of  the  Importance  of  Along-Shelf  Wind 

The  importance  of  cross-shelf  wind  forcing  at  MVCO  leads  us  to  re-examine  the 
results  of  a  previous  inner-shelf  study.  Observational  studies  on  the  North  Carolina 
and  Oregon  shelves  have  demonstrated  a  divergence  across  the  inner  shelf  in  the 
cross-shelf  transport  associated  with  along-shelf  wind  stress  (Lentz,  2001;  Kirincich 
et  ah,  2005).  In  both  cases,  the  authors  used  the  entire  available  time  series  to 
calculate  a  correlation  between  the  surface  layer  transport  Us  and  the  along-shelf 
wind  stress  at  each  water  depth,  because  the  time  series  were  too  short  to  separate 
into  events  where  only  one  wind  component  was  strong.  The  along-shelf  and  cross¬ 
shelf  wind  stress  components  can  be  correlated  (Section  2.4.4).  As  a  result,  the 
importance  of  the  along-shelf  wind  stress  in  driving  a  cross-shelf  circulation  may 
be  overestimated  in  those  studies  (as  in  Figure  2-6a).  We  suggest  that  the  cross¬ 
shelf  Ekman  transport  Us  associated  with  the  along-shelf  wind  on  the  North  Carolina 
inner  shelf  may  decrease  even  faster  with  decreasing  water  depth  than  demonstrated  in 
Lentz  (2001),  because  the  subtidal  cross-shelf  and  along-shelf  wind  stress  components 
at  that  site  are  significantly  positively  correlated  (Austin  and  Lentz,  1999).  Therefore, 
a  substantial  fraction  of  the  transport  Us  attributed  to  along-shelf  wind  stress  forcing 
at  the  North  Carolina  site  may  actually  be  due  to  cross-shelf  wind  stress.  The  cross¬ 
shelf  wind  stress  probably  does  not  contribute  as  much  to  Us  on  the  Oregon  coast, 
where  the  wind  stress  is  more  polarized  in  the  along-shelf  direction. 


2.6.2  Comparison  to  2-D  Model 

A  recent  numerical  model  study  showed  that  when  the  water  depth  is  small  enough 
for  significant  overlap  of  the  surface  and  bottom  boundary  layers,  the  cross-shelf  wind 
stress  drives  a  stronger  cross-shelf  surface  layer  transport  than  does  the  along-shelf 
wind  stress  (Tilburg,  2003).  Tilburg  ran  the  model  in  a  two-dimensional  (along-shelf 
uniform)  configuration,  with  initially  linear  stratification  and  a  Mellor-Yamada  level 
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2.5  turbulence  closure  scheme.  For  a  constant  wind  stress  magnitude,  as  a  function 
of  wind  angle,  the  cross-shelf  surface  layer  transport  in  that  model  was  greatest  for 
cross-shelf  wind  and  zero  for  along-shelf  wind  in  the  very  shallow  inner  shelf  (5  m 
depth). 


We  observe  a  similar  dependence  of  surface  layer  transport  on  wind  stress  angle, 


for  a  given  range  of  wind  stress  magnitude,  during  small  waves  (Figure  2-11).  We 
consider  winter  data  only,  to  minimize  the  effects  of  stratification.  The  largest  cross- 
slielf  surface  layer  transport  occurs  for  wind  stress  in  the  offshore  or  nearly  onshore 
direction,  and  that  surface  layer  transport  is  in  the  same  direction  as  the  wind  stress. 
The  weakest  cross-shelf  surface  layer  transport  occurs  when  the  wind  stress  is  in  the 
upwelling-  or  downwelling-favorable  (along-shelf)  direction.  The  Us  we  observe  is 
slightly  larger  than  that  predicted  by  Tilburg  (2003)  for  onshore  winds.  His  model 
run  was  for  a  water  depth  of  5  m,  however,  as  opposed  to  the  MVCO  water  depth  of 
12  m,  and  Us  is  expected  to  increase  with  increasing  water  depth  in  the  inner  shelf, 
even  in  the  region  where  the  maximum  upper-layer  transport  is  downwind. 

Tilburg  (2003)  also  gives  an  estimate  for  the  depth  of  the  first  zero  crossing  of 
the  cross-shelf  flow  at  mid-shelf,  8,  as  a  function  of  wind  stress  and  stratification 
(his  Eq.  22).  Tilburg  uses  the  formula  of  Weatherly  and  Martin  (1978),  but  with 
an  adjusted  coefficient  to  match  his  different  definition  of  Us  based  on  the  first  zero 
crossing  of  the  cross-shelf  velocity  (as  in  this  study),  rather  than  on  the  full  boundary 
layer  depth: 


(2.8) 


where  N  =  (  —  ^ff)1^2  is  the  buoyancy  frequency.  If  8  is  larger  than  the  water  depth, 


Tilburg  predicts  a  circulation  governed  by  inner-shelf  dynamics  and  not  mid-shelf 
dynamics.  For  an  unstratified  water  column  (N  =  0),  (2.8)  predicts  8  >  h  at  MVCO 
f°r  |ts|  >  3  x  10~4  Pa.  For  a  typical  summertime  value  of  N  =  0.02  s-1  in  the  Middle 
Atlantic  Bight  (Linder  and  Gawarkiewicz,  1998),  (2.8)  predicts  8  >  h  at  MVCO 
for  |rs|  >  0.05  Pa.  This  is  consistent  with  the  MVCO  site  being  in  the  inner  shelf 
nearly  all  the  time,  except  during  extremely  weak  winds  when  the  water  column  is 
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strongly  stratified.  Indeed,  it  is  only  during  summer  that  Us  approaches  the  predicted 
mid-shelf  value  for  a  given  cross-shelf  wind  stress  (compare  dotted  line  and  summer 
observations  in  Figure  2-9). 

2.6.3  Comparison  to  Unstratified  Model 

There  appears  to  be  a  slight  asymmetry  between  the  responses  to  onshore  and  off¬ 
shore  winds  (Figure  2-10,  left).  With  the  available  observations  (which  do  not  include 
density  profiles  for  the  entire  time  series)  we  cannot  determine  whether  the  slight 
asymmetry  in  Figure  2-10  is  caused  only  by  differences  in  surface  heat  flux  or  strat¬ 
ification  between  events,  and  not  directly  caused  by  the  cross-shelf  wind  stress,  or 
whether  there  is  an  inherent  asymmetry  in  the  response  of  the  system  to  cross-shelf 
wind  stresses  of  opposite  directions. 

Another  possible  explanation  for  the  asymmetry  in  Figure  2-10  is  uncertainty  in 
the  wind  stress  estimates.  The  bulk  formula  used  here  (Section  2.2.1)  uses  the  same 
drag  coefficient  for  all  wind  directions,  even  though  the  MVCO  study  location  has 
land  nearby  to  the  north  and  water  to  the  south,  and  the  drag  coefficient  is  larger  over 
land  than  water.  The  atmospheric  boundary  layer  may  still  be  adjusting  over  the  12- 
m  isobath  at  MVCO  (1.5  km  offshore)  when  the  wind  is  blowing  from  land.  Further, 
the  adjusted  wind  stress  times  series  from  the  MVCO  shore  masts  (Appendix  A)  may 
still  not  accurately  represent  the  wind  stress  at  the  12-m  isobath.  Also,  when  the 
wind  is  in  the  same  direction  as  the  wave  propagation  the  effective  wind  stress  should 
be  smaller  than  when  the  wind  is  against  the  waves,  but  we  have  not  taken  this  into 
account  here. 

2.6.4  Seasonal  Change  in  the  Response  to  Wind 

Stratification  is  expected  to  affect  the  cross-shelf  circulation  by  suppressing  vertical 
mixing,  and  therefore  thinning  the  surface  and  bottom  boundary  layers  and  reducing 
their  overlap.  This  would  cause  the  boundary  between  the  inner  shelf  and  the  mid¬ 
shelf  to  move  closer  to  shore.  As  long  as  that  boundary  remains  offshore  of  the 
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12-m  isobath,  we  would  expect  a  stronger  cross-shelf  circulation  at  MVCO  (for  either 
wind  direction)  during  stronger  stratification,  as  a  result  of  decreased  boundary  layer 
overlap,  based  on  Section  2.6.3. 

Although  the  long  MVCO  velocity  time  series  does  not  have  associated  stratifica¬ 
tion  data,  at  MVCO  the  water  is  typically  more  stratified  in  summer  than  in  winter. 
The  cross-shelf  wind  does  drive  a  larger  cross-shelf  transport  Us  in  summer  than  in 
winter  (Figure  2-9,  left).  In  summer,  Us  does  appear  to  approach  the  mid-shelf  (deep¬ 
water)  limit  for  offshore  winds  at  least  as  large  as  0.08  Pa  (top  dotted  line  at  right  in 
Figure  2-9a).  This  is  consistent  with  the  expected  response  to  increased  stratification, 
which  may  play  an  important  role  by  reducing  the  overlap  of  the  surface  and  bottom 
boundary  layers. 

The  cross-shelf  transport  associated  with  along-shelf  wind  may  be  nonzero  during 
upwelling-favorable  wind  stress  forcing  in  summer,  even  though  it  is  zero  in  win¬ 
ter  (Figure  2-9,  right).  This  is  consistent  with  the  expected  response  to  increased 
stratification,  if  the  MVCO  site  is  within  the  inner  shelf  and  therefore  the  trans¬ 
port  associated  with  along-shelf  wind  is  insignificant  when  stratification  is  weak  (in 
winter  or  during  downwelling-favorable  winds,  which  could  destroy  the  stratification 
in  summer).  Upwelling-favorable  winds  can  bring  colder,  denser  water  onshore  near 
the  bottom  of  the  water  column,  thereby  maintaining  the  summer  stratification  and 
the  reduced  boundary  layer  overlap.  The  MVCO  site  seems  to  be  closer  to  mid¬ 
shelf  in  summer  during  upwelling-favorable  or  offshore  winds  than  in  winter  or  during 
downwelling-favorable  or  onshore  winds. 

2.6.5  Implications  for  Lagrangian  Particle  Transport 

The  observed  cross-shelf  transport  may  seem  weak  ( Us  <  0.2  m2  s-1),  but  it  is  enough 
to  flush  the  entire  volume  of  the  inner  shelf  onshore  of  the  12-m  isobath  in  about. 
1  day.  Therefore,  the  cross-shelf  wind-driven  shear  flows  we  observe  are  strong  enough 
to  change  the  density  stratification  of  the  inner  shelf  on  biologically  and  physically 
relevant  time  scales,  and  to  have  significant  effects  on  the  inner  shelf  transport  of 
heat,  salt,  larvae,  nutrients,  phytoplankton,  pollutants,  and  carbon.  Note,  however, 
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that  the  Eulerian  cross-shelf  velocity  profiles  discussed  up  to  this  point  are  not  the 
same  as  the  Lagrangian  water  parcel  velocities.  It  is  the  Lagrangian  velocity,  the 
velocity  of  a  particle  in  the  water  column,  that  matters  for  tracer  transport.  The 
Lagrangian  particle  velocities  may  be  very  different  from  the  Eulerian  velocities  as  a 
result  of  surface  gravity  waves. 

In  particular,  waves  induce  a  net  particle  velocity,  the  Stokes  drift  ust(z,t)  (2.6), 
in  the  direction  of  wave  propagation  (Stokes,  1847),  as  in  Figure  2-3,  right.  We  form 
an  estimate  of  the  total  Lagrangian  particle  velocity  ui(z,t )  by  adding  the  Stokes 
drift  to  the  observed  Eulerian  velocity  response  to  wind  and  waves: 

uL(z,t)  «  u(z,t)  +  uat(z,t).  (2.9) 

The  Lagrangian  cross-shelf  transport  in  the  surface  layer,  t/sL,  is  estimated  from  ul 
in  the  manner  of  Section  2.2.7.  We  again  subtract  the  background  velocity  profile 
(Figure  2-7c)  from  u(z,t). 

Waves  should  cause  a  significant  difference  between  the  Eulerian  circulation  and 
the  Lagrangian  particle  velocities  at  this  site.  The  estimated  Lagrangian  cross-shelf 
transport  is  approximately  the  same  magnitude  as  the  Eulerian  response  to  wind, 
even  during  strong  wave  forcing  (Figure  2-12).  The  result  is  as  if  the  incoming  waves 
affected  the  Eulerian  circulation  but  not  the  Lagrangian  velocities.  This  is  because  the 
observed  wave-driven  Eulerian  offshore  flow  is  approximately  equal  to  the  Hasselmann 
(1970)  prediction  uh ,  at  least  in  winter  (Appendix  E),  and  un{z,t)  =  —ust(z,t) 
(Figure  2-3,  right).  Therefore,  the  wave-induced  Stokes  drift  tends  to  cancel  the  wave- 
driven  undertow  throughout  the  water  column  in  winter.  As  a  result,  the  Lagrangian 
particle  velocities  are  likely  similar  to  the  Eulerian  cross-shelf  velocities  driven  by 
cross-shelf  wind  stress  alone.  This  is  consistent  with  the  non-acceleration  theorem, 
in  which  a  statistically  steady  eddy  or  wave  field  does  not  accelerate  a  mean  flow  in 
a  generalized  Lagrangian  mean  sense  (Andrews  and  McIntyre,  1976). 
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2.7  Summary  and  Conclusions 


We  have  shown  that  the  forcing  mechanisms  for  cross-shelf  exchange  on  the  inner 
shelf  are  fundamentally  different  from  those  at  mid-shelf.  A  6-year-long  time  series 
of  wind,  wave,  and  ADCP  velocity  data  from  the  cabled  MVCO  observatory  contains 
enough  different  wave  and  meteorological  forcing  events  that  we  are  able  to  observe, 
for  the  first,  time,  the  dependence  of  the  cross-shelf  flow  profile  on  cross-shelf  wind 
or  along-shelf  wind  alone.  The  cross-shelf  wind,  not  the  along-shelf  wind,  is  the 
main  forcing  mechanism  for  cross-shelf  circulation  at  this  site  when  waves  are  small, 
especially  in  winter  (Figure  2-14,  bottom).  This  is  in  contrast  to  coastal  upwelling  and 
downwelling  in  deeper  water  at  mid-shelf  driven  by  along-shelf  winds  (Figure  2-14, 
top). 

There  is  a  two-layer  flow  structure  associated  with  cross-shelf  wind  forcing,  with 
offshore  flow  in  the  surface  layer  for  offshore  winds  and  a  compensating  return  flow 
in  the  lower  layer.  The  zero  crossing  of  the  velocity  is  at  approximately  one-third  the 
water  depth,  in  agreement  with  simple  models.  The  circulation  is  nearly  symmetric 
in  the  wind  stress  direction  when  the  wave  forcing  is  small.  In  winter,  the  volume 
transport  in  the  surface  or  bottom  layer  agrees  with  unstratified  models  of  cross-shelf 
wind  stress  forcing.  In  summer,  when  stratification  is  stronger  than  in  winter,  a 
given  cross-shelf  wind  stress  is  associated  with  a  stronger  (more  vertically  sheared) 
cross-shelf  circulation  than  in  winter. 

The  cross-shelf  velocity  profile  during  combined  wave  and  wind  forcing  is  approx¬ 
imately  a  linear  superposition  of  the  separate  responses  to  cross-shelf  wind  and  to 
waves.  The  combined  wave  and  wind  forcing  yields  an  asymmetry  in  the  response 
with  respect  to  cross-shelf  wind  direction.  During  large  waves,  the  circulation  is 
vertically  uniform  for  onshore  winds,  but  strongly  sheared  for  offshore  winds.  The 
relative  importance  of  wind  and  wave  forcing  depends  on  water  depth.  Progressing 
from  the  outer  edge  of  the  surf  zone  through  the  inner  shelf  toward  mid-shelf,  as  the 
water  depth  increases  the  circulation  is  dominated  first  by  wave  forcing  (surfzone), 
then  cross-shelf  wind  forcing  (inner  shelf),  then  along-shelf  wind  forcing  (mid-shelf; 
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Figure  2-13). 

The  cross-shelf  circulation  driven  by  cross-shelf  winds  on  the  inner  shelf,  and 
its  dependence  on  season  and  presumably  on  stratification,  is  substantial.  These 
cross-shelf  flows  have  important  implications  for  the  transport  of  nutrients,  larvae, 
pollutants,  heat,  and  salt  on  inner  continental  shelves.  When  considering  transport 
of  nutrients  and  other  tracers,  we  must  consider  Lagrangian  particle  trajectories,  on 
which  waves  have  a  strong  effect  at  this  site.  By  one  crude  estimate,  the  Lagrangian 
cross-shelf  velocity  profile  in  winter  resembles  just  the  wind-driven  part  of  the  Eulerian 
velocity  profile.  When  the  Stokes’  drift  profile  is  added  to  the  Eulerian  velocity  profile 
to  form  the  Lagrangian  profile  estimate,  the  Stokes’  drift  tends  to  cancel  the  wave- 
driven  part  of  the  Eulerian  velocity  profile,  leaving  only  the  wind-driven  part. 

The  MVCO  site  is  typical  of  many  shallow  coastal  sites.  The  strength  of  the  wind 
stress  at  MVCO  is  not  unusual  compared  to  other  mid-latitude  sites.  The  dependence 
that  we  describe  for  MVCO  of  the  cross-shelf  velocity  profile  on  the  cross-shelf  wind 
should  apply  to  many  unsheltered  inner  shelf  locations. 
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Figure  2-1:  Size  of  cross-shelf  wind  stress,  relative  to  Coriolis  term  in  depth- 
integrated  cross-shelf  momentum  balance,  for  several  sites  along  the  United  States 
East  Coast.  The  wind  stress  and  depth-average  flow  for  each  site  are  calculated 
in  the  same  way  as  for  MVCO.  The  cross-shelf  wind  stress  is  an  important  forcing 
term  (indicating  the  cross-shelf  momentum  balance  is  not  geostrophic)  in  water 
shallower  than  about  25  m.  The  sites  are  MVCO;  CBLAST  F  (Hutto  et  al., 
2005);  CMO  (Shearman  and  Lentz,  2003);  Shelfbreak  Primer  (Fratantoni  and 
Pickart,  2003);  NSFE  (Beardsley  et  al.,  1985);  SEEP-I  (Walsh  et  al.,  1988);  LEO-15 
(Schofield  et  al.,  2002);  USGS  site  MB  (http://stellwagen.er.usgs.gov/mab_sed.html); 
SEEP-II  (Biscaye  et  al.,  1994);  MMS  (Berger  et  al.,  1994);  SandyDuck 
(http://www.frf.usace.army.mil/SandyDuck/SandyDuck.stm);  and  CoOP94  (Lentz 
et  al.,  1999). 
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Figure  2-2:  Top  panel:  location  of  study  area  (square  outline).  Bottom  panel:  detailed 
map  of  MVCO  study  area,  with  time-mean  depth- average  flow  vectors  for  all  times, 
winter,  and  summer  (for  all  wave  conditions).  The  along-shelf/cross- shelf  coordinate 
system  is  based  on  the  principal  axis  direction  of  the  depth-average  subtidal  flow. 
The  MVCO  ADCP  is  located  at  the  origin  of  the  coordinate  system.  Open  circle: 
ASIT.  Mean  flow  during  small  waves  is  nearly  along  the  —  y  axis.  Isobaths  are  labeled 
in  meters. 
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z  =  0 


Figure  2-3:  (a)  Two-dimensional  wave-driven  circulation  in  an  Eulerian  reference 
frame  (fixed  in  space).  Above  the  wave  troughs  (above  dashed  line),  there  is  a  net 
wave-averaged  onshore  volume  transport  Qw  (indicated  by  the  grey  shaded  area  and 
thick  arrows).  This  is  because  in  an  Eulerian  frame  above  the  wave  troughs  there 
is  either  no  water,  or  water  that  has  an  onshore  velocity.  The  wavy  line  indicates 
an  instantaneous  view  of  the  sea  surface.  Because  the  circulation  is  two-dimensional, 
there  must  be  a  compensating  Eulerian  offshore  volume  transport  —  Qw  below  the 
wave  troughs,  which  we  refer  to  as  undertow.  Here,  the  undertow  is  shown  with  the 
vertical  distribution  uH  predicted  by  Hasselmann  (1970).  (b)  Two-dimensional  wave- 
driven  circulation  in  a  Lagrangian  (particle-following)  reference  frame.  There  is  an 
onshore  particle  velocity,  the  Stokes  drift  ust(z),  at  all  depths.  The  onshore  volume 
transport  due  to  this  water  parcel  motion  is  Qw  (indicated  by  the  grey  shaded  area). 
There  is  also  an  offshore  particle  velocity  at  all  depths  due  to  the  undertow.  If  the 
undertow  is  distributed  as  un(z)  =  —ust,  it  exactly  cancels  the  Stokes  drift  and 
the  net  particle  motion  and  net  volume  transport  are  both  zero.  If  the  undertow  is 
not  distributed  as  uH,  the  net  particle  motion  will  not  be  zero,  but  the  net  volume 
transport  will  still  be  zero  as  long  as  the  vertical  integral  of  the  undertow  is  equal  to 
Qw 
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Figure  2-4:  Monthly  mean  wind  stress,  wave  characteristics,  and  depth-average  flow  at 
MVCO.  Solid  dots  show  the  mean  over  all  years.  Open  circles  are  individual  monthly 
means,  for  each  year  separately.  Vertical  bars  show  ±  one  standard  deviation  of 
the  low-pass  filtered  data  for  that  month,  over  all  years,  indicating  the  strength  of 
synoptic  variability.  Dashed  horizontal  line  indicates  the  mean  over  the  entire  study 
period. 
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Figure  2-5:  MVCO  significant  wave  height  Hsig  as  a  function  of  (a)  cross-shelf 
wind  stress  (positive  offshore)  and  (b)  along-shelf  wind  stress  (positive  —  upwelling- 
favorable),  and  (c)  normalized  histogram  of  wind  stress  direction  (measured  counter¬ 
clockwise  from  offshore). 
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Figure  2-6:  Correlation  coefficient,  as  a  function  of  ADCP  bin  depth,  of  cross-shelf 
velocity  u  in  each  ADCP  bin  with  wave  forcing  Hgig  cos 9W  (squares),  cross-shelf  wind 
stress  Tg  (stars),  and  along-shelf  wind  stress  rj'  (circles),  at  zero  lag,  assuming  one 
independent  point  every  24  hrs,  for  (a)  all  times  and  (b)  times  when  the  other  two 
forcing  mechanisms  are  weak.  Solid  (open)  symbols  show  correlations  that  are  (are 
not)  significant  at  the  95%  confidence  level. 
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Figure  2-7:  Vertical  profiles  of  cross-shelf  velocity,  (a)  The  mean  background  velocity 
that  exists  during  weak  winds  and  small  waves,  (c)-(d)  Relative  to  that  background 
velocity,  the  velocity  for  times  when  (b)  —Hgigcos9w  is  in  the  ranges  shown,  during 
weak  winds;  (c)  rf  is  in  the  ranges  shown,  during  small  waves  and  weak  along-shelf 
winds;  and  (d)  t|  is  in  the  ranges  shown,  during  small  waves  and  weak  cross-shelf 
winds.  In  (c)  and  (d),  thin  lines  are  model  profiles  (Section  2.3.1),  with  the  model 
forced  by  the  observed  wind  stress,  with  the  cubic  eddy  viscosity  profile. 
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Figure  2-8:  Vertical  profiles  of  cross-shelf  velocity  during  various  forcing  conditions 
in  winter.  Wave  forcing  increases  from  bottom  to  top.  Wind  stress  is  onshore,  small, 
or  offshore  (at  left,  center,  or  right).  Symbols:  mean  observed  profiles;  the  part  of  u^a 
that  differs  from  the  predicted  depth-average  Uh  has  been  subtracted.  Dotted  lines: 
predicted  wave-driven  flow,  uH  (Section  2.3.2).  Dashed:  predicted  wind-driven  flow 
uT,  using  cubic  eddy  viscosity  profile  (Section  2.3.1).  Solid  lines:  wT+//.  If  the  models 
are  correct,  the  observations  should  fall  on  the  solid  lines.  The  mean  observed  wave 
period  Tw  is  given  in  each  case. 
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Figure  2-9:  Cross-shelf  transport  in  the  upper  water  column  during  summer  (open 
symbols)  and  winter  (closed  symbols),  as  a  function  of  (left)  cross-shelf  and  (right) 
along-shelf  wind  stress,  during  times  when  waves  were  small  and  the  other  wind 
component  was  weak  in  each  case.  Error  bars  are  ±  one  standard  error  of  the  mean. 
Dashed  and  dotted  lines  indicate  deep-water  Ekman  transport  values:  (at  right) 
Us  =  Ts/fJof  for  along-shelf  wind  (Ekman,  1905),  and  (at  left)  Us  —  0.2rf/po/  or 
0.32rf/po/  for  cross-shelf  wind,  from  Weatherly  and  Martin  (1978),  with  a  modified 
coefficient  of  0.32  for  this  definition  of  Us  from  Tilburg  (2003),  or  0.2  based  on  Lentz 
(1995). 
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Figure  2-10:  Cross-shelf  transport  in  the  upper  water  column,  Us  (positive  offshore), 
as  a  function  of  (left)  cross-shelf  or  (right)  along-shelf  wind  stress,  during  winter.  Solid 
symbols:  Us  during  small  waves  and  weak  |rj'|  (left)  or  |rf  |  (right).  Open  symbols: 
U's ,  which  is  Ua  during  any  wave  conditions  and  weak  |r||  (left)  or  |r*|  (right),  but 
with  the  predicted  wave-driven  velocity  profile  un(z,t)  =  — ust(z,t )  (Hasselmann, 
1970)  subtracted  from  u(z,t)  before  calculating  Us.  Error  bars  are  ±  one  standard 
error  of  the  mean.  Lines  indicate  the  Us  predicted  by  a  simple  numerical  model  with 
constant  density  and  the  MYApprox,  cubic,  or  bilinear  cutoff  eddy  viscosity  profile 
(dashed,  solid,  or  dash-dot  line,  respectively,  forced  by  (left)  cross-shelf  or  (right) 
along-shelf  wind  stress  (Lentz,  1995). 
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surface  transport  vs.  wind  direction 


Figure  2-11:  Normalized  cross-shelf  transport  in  the  surface  layer,  Us/(\Ts\/p0f)  (pos¬ 
itive  offshore),  as  a  function  of  wind  direction.  Open  circles:  numerical  model  results 
for  |r,|  =  0.1  Pa  and  h  =  5  m  (taken  from  Tilburg,  2003,  Figure  16).  Solid  sym¬ 
bols:  MVCO  observations  for  h  =  12  m  and  0.075  <  |rs|  <  0.15  Pa.  The  cross-shelf 
velocity  profiles  were  bin  averaged  by  wind  direction,  then  Us  was  calculated,  then 
normalized  by  the  bin-averaged  |rs|/po/-  These  data  are  restricted  to  times  when 
waves  are  small,  so  there  are  fewer  events  for  the  onshore  wind  stress  angles  (near 
180°)  than  for  the  offshore.  In  both  the  model  and  the  observations,  the  largest 
surface  layer  transport  is  for  cross-shelf,  not  along-shelf,  winds. 
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Figure  2-12:  Estimated  Lagrangian  cross-shelf  surface  layer  transport  U in  winter,  as 
a  function  of  cross-shelf  wind  stress  rf  and  wave  forcing  H%ig  cos  0W .  f/gL  is  calculated 
in  the  same  way  as  Ua,  but  from  the  estimated  Lagrangian  velocity  profile  ui(z,  t)  = 
u(z,t )  +  ust(z,t).  Red  (blue)  indicates  offshore  (onshore)  surface  layer  transport, 
which  has  the  sense  of  upwelling  (downwelling).  Grey  areas  indicate  forcing  regimes 
that  had  fewer  than  10  independent  events.  Most  of  the  time,  the  system  is  in  the 
lower  central  part  of  the  diagram.  As  a  result,  although  the  downwelling  region 
in  the  figure  is  larger  than  the  upwelling  region,  the  time-mean  U ^  is  very  small 
(-0.016  m2  s-1).  The  time-mean  Lagrangian  circulation  by  this  crude  estimate  is 
essentially  zero. 
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Figure  2-13:  Relative  importance  of  cross-shelf  wind  stress,  along-shelf  wind  stress, 
and  wave  forcing:  theoretical  cross-shelf  surface  layer  transport  Us  normalized  by 
deep-water  Ekman  transport  |r,|/p0/,  as  a  function  of  water  depth.  Ua  is  calculated 
numerically  for  cross-shelf  wind  or  along-shelf  wind  based  on  a  model  with  constant 
density,  wind  stress  magnitude  0.1  Pa,  and  a  bilinear  cutoff  eddy  viscosity  profile 
(Lentz,  1995).  Us  is  estimated  for  wave  forcing  via  Us  =  gH^ig/16c,  using  the  shallow- 
water  phase  speed  c  =  \fgh  and  the  relation  //29  ~  (9  m2  Pa_1)|ra|  observed  at 
MVCO.  The  region  where  cross-shelf  wind  stress  is  the  dominant  forcing  mechanism 
is  shaded  grey.  This  is  a  conservative  estimate;  a  cubic  eddy  viscosity  profile  predicts 
a  wider  region. 
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Figure  2-14:  Cross-shelf  circulation  driven  by  a  steady  along-shelf  or  cross-shelf  wind 
stress,  assuming  along-shelf  uniform  flow.  Top  panel:  cross-shelf  circulation  (blue 
arrows)  driven  by  an  upwelling-favorable  wind  stress  rs  (red  arrow).  At  mid-shelf 
(on  the  right-hand  side  of  the  diagram)  the  cross-shelf  flow  is  offshore  in  the  surface 
boundary  layer,  with  a  return  flow  in  the  bottom  boundary  layer  (as  shown)  or  in  the 
interior;  the  along-shelf  flow  is  in  the  direction  of  the  wind  stress  (circle  with  “x”). 
Over  the  inner  shelf  where  the  surface  and  bottom  boundary  layers  (dashed  lines) 
overlap,  the  cross-shelf  flow  is  weak  compared  to  mid-shelf  and  upwelling  occurs. 
Bottom  panel:  cross-shelf  circulation  (blue  arrows)  driven  by  an  offshore  wind  stress 
rs  (red  arrow).  The  inner  shelf  extends  over  the  entire  region  shown.  Due  to  the 
overlapping  surface  and  bottom  boundary  layers,  the  cross-shelf  circulation  near  the 
surface  is  in  the  direction  of  the  wind  stress,  with  a  return  flow  lower  in  the  water 
column. 
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Chapter  3 


A  Momentum  Budget  for  the 
Inner  Continental  Shelf 

3.1  Introduction 

The  relatively  shallow  inner  continental  shelf,  where  the  water  is  tens  of  meters  deep, 
is  a  transition  region  between  the  surfzone  where  breaking  waves  dominate  the  dy¬ 
namics  and  the  mid-shelf  where  the  frictional  surface  and  bottom  boundary  layers  are 
well  separated  and  an  interior  geost.rophic  region  exists.  As  a  result,  the  inner  shelf 
momentum  balance  may  contain  some  elements  of  both  the  surfzone  balance  and  the 
mid-shelf  balance. 

The  cross-shelf  momentum  balance  over  the  inner  shelf  can  be  a  complex  superpo¬ 
sition  of  three  balances.  A  geost.rophic  balance  between  the  Coriolis  acceleration  and 
the  cross-shelf  pressure  gradient  tends  to  dominate  the  cross-shelf  momentum  balance 
farther  offshore,  at  mid-shelf  (Brown  et.  al.,  1985;  Thompson  and  Pugh,  1986;  Brown 
et.  al.,  1987;  Noble  and  Butman,  1983;  Lee  et  al.,  1984,  1989;  Lentz  et  al.,  1999;  Shear¬ 
man  and  Lentz,  2003;  Liu  and  Weisberg,  2005).  A  wave  set-down  balance  between  the 
wave  radiation  stress  divergence  and  the  cross-shelf  pressure  gradient  tends  to  dom¬ 
inate  farther  onshore,  in  the  surfzone  (Longuet- Higgins  and  Stewart,  1964;  Bowen 
et  al.,  1968;  Lentz  and  Raubenheimer,  1999).  Both  those  balances  can  be  important 
over  the  inner  shelf.  A  coastal  set-up  or  set-down  balance  between  the  cross-shelf 
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wind  stress  and  the  cross-shelf  pressure  gradient  can  also  be  important  over  the  inner 
shelf  due  to  the  shallow  water  (Blanton,  1981;  Lee  et  ah,  1989;  Lentz  et  ah,  1999;  Liu 
and  Weisberg,  2005,  and  Chapter  2).  Each  balance  is  between  the  cross-shelf  pressure 
gradient  and  a  different  term.  The  dynamics  are  complicated  because  the  cross-shelf 
pressure  gradient  may  be  simultaneously  balanced  by  one,  two,  or  all  of  these  three 
terms  ( e.g Lentz  et  ah,  1999).  In  the  surface  and  bottom  Ekman  boundary  layers, 
vertical  stress  divergences  due  to  wind  and  bottom  stress  are  dominant  terms  in  the 
momentum  balance.  In  the  inner  shelf,  the  surface  and  bottom  boundary  layers  often 
overlap,  and  then  a  geostrophic  cross-shelf  balance  may  not  hold  at  any  depth. 

The  along-shelf  momentum  balance  over  the  inner  shelf  is  simpler  than  at  mid¬ 
shelf,  where  the  Coriolis,  wind  stress,  bottom  stress,  acceleration,  and  pressure  gradi¬ 
ent  terms  can  all  be  important  (Allen  and  Smith,  1981;  Lentz  and  Winant,  1986;  Lee 
et  al.,  1984,  1989).  Over  the  inner  shelf,  the  balance  tends  to  be  between  three  terms: 
along-shelf  wind  stress  and  bottom  stress  and  pressure  gradient  (Scott  and  Csanady, 
1976;  Pettigrew,  1981;  Lentz  and  Winant,  1986;  Masse,  1988;  Lee  et  al.,  1989;  Lentz, 
1994).  In  the  surfzone,  the  wave  radiation  stress  gradient  again  becomes  a  dominant 
term  and  is  balanced  by  bottom  stress  (Thornton  and  Guza,  1986;  Svendsen  and 
Putrevu,  1994;  Feddersen  et  al.,  1998;  Lentz  et  al.,  1999).  Few  previous  studies  have 
considered  wave  radiation  stress  over  the  inner  shelf  (Lentz  et  al.,  1999). 

In  this  chapter,  terms  in  the  cross-shelf  and  along-shelf  depth-average  momentum 
budgets  are  estimated  to  determine  the  dominant  forces  acting  on  the  water  column 
over  the  inner  continental  shelf  near  the  Martha’s  Vineyard  Coastal  Observatory.  We 
find  that  the  cross-shelf  momentum  balance  is  dominated  by  the  wind  stress,  Coriolis, 
and  pressure  gradient  terms.  The  calculated  wave  radiation  stress  is  also  large  but  is 
not  correlated  with  the  cross-shelf  pressure  gradient;  either  the  true  wave  radiation 
stress  gradient  is  smaller  than  our  estimate,  possibly  due  to  wave  dissipation,  or  the 
wave  radiation  stress  is  balanced  by  a  pressure  gradient  with  a  smaller  cross-shelf 
scale  than  is  resolved  by  these  observations.  The  along-shelf  momentum  balance  is 
between  the  wind  stress  and  pressure  gradient,  with  some  contribution  from  bottom 
stress. 
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3.2  Data 


The  data  used  in  this  chapter  are  from  four  sources.  The  first  data  set  is  the  long 
Martha’s  Vineyard  Coastal  Observatory  (MVCO)  time  series  of  water  velocity,  wind 
velocity,  air  temperature,  pressure,  and  relative  humidity,  and  water  column  bottom 
pressure,  which  extend  from  2001  to  the  present.  The  second  data  set  is  the  Coupled 
Boundary  Layers  Air-Sea  Transfer  in  Low  Winds  (CBLAST-Low)  2003  measurements 
in  summer  and  fall  2003  of  water  temperature,  velocity,  bottom  pressure,  and  water 
density.  The  third  data  set  is  the  Stratification,  Wind  and  Waves  on  the  Inner 
Shelf  at  MVCO  (SWWIM  I)  experiment,  which  included  measurements  of  water 
velocity,  temperature,  density,  and  bottom  pressure  during  winter  and  spring  2004 
2005.  Those  three  data  sets  are  described  in  more  detail  in  the  earlier  chapters  of  this 
thesis.  The  fourth  data  set  used  here  is  a  time  series  of  bottom  pressure  measurements 
near  the  20-m  isobath  obtained  during  CBLAST  2001  in  summer.  The  mooring 
locations  for  all  four  data  sets  are  shown  in  Figure  3-1.  Measurements  of  the  along- 
slielf  pressure  gradient  are  only  available  in  summer.  For  brevity  we  show  the  terms  in 
the  momentum  budgets  during  times  when  pressure  gradient  estimates  are  available, 
although  the  other  terms  estimated  from  the  MVCO  time  series  are  available  from 
2001-2007  and  those  data  are  included  in  the  analysis  when  the  pressure  gradient  is 
not  needed.  For  this  study,  we  define  “summer”  as  May  1  through  September  30,  and 
“winter”  as  October  1  through  April  30. 


3.3  Methods 

3.3.1  Subtidal  Filtering 

Here,  “subtidal”  indicates  data  that  have  been  low-pass  filtered  to  remove  diurnal, 
semidiurnal,  inertial,  and  higher-frequency  motions.  We  use  the  PL64  filter  (Flagg 
et  al.,  1976;  Limeburner  et  al.,  1983)  with  a  (33  hr)-1  half-amplitude  cutoff.  To 
prevent  edge  effects  from  gaps  in  the  data  we  de-tided  the  velocities  and  bottom 
pressures,  linearly  interpolated  across  gaps,  filtered,  and  replaced  the  gaps,  widening 
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each  gap  by  1/2  the  filter  window  width  to  each  side.  To  calculate  the  standard  error 
of  a  mean,  we  require  at  least  10  independent  data  points  and  assume  an  independent 
data  point  every  33  hr.  The  decorrelation  times  of  the  wind  and  wave  forcing  and 
the  cross-  and  along-shelf  velocities  are  all  less  than  33  hr  (Chapter  2). 


3.3.2  Coordinate  System 

We  use  a  separate  ( x ,  y)  coordinate  system  for  each  mooring,  with  x  positive  offshore 
and  y  positive  along-shelf  eastward  (Figure  3-1).  The  local  along-shelf  and  cross-shelf 
coordinate  directions  are  based  on  the  principal  axis  directions  of  the  subtidal  depth- 
average  velocity.  2  is  measured  positive  upward,  with  2  =  0  at  the  mean  water  level 
over  each  deployment.  2  =  —h(x)  is  the  bottom. 


3.3.3  Derivation  of  Momentum  Balance 


To  derive  a  depth-averaged  momentum  balance  equation,  we  start  with  the  Reynolds- 
averaged  cross-shelf  momentum  balance  for  an  incompressible  fluid.  Using  the  Boussi- 
nesq  approximation  ( e.g Kundu  and  Cohen,  2002)  and  including  the  momentum  flux 
divergence  (or  wave  radiation  stress)  due  to  surface  gravity  waves  (Longuet- Higgins 
and  Stewart,  1960),  the  cross-shelf  momentum  balance  is 


du 

dt 


+  V  •  (uu)  —  fv  = 


1  dp  d  (  du\ 
Po  dx  dz  \  v  dz  ) 


d  (u'u')  d  (v'u') 
dx  dy 


d  jw'u') 
dz 


(3.1) 


where  u  =  (u,  v,  w)  is  the  velocity  vector,  f  =  2Q  sin  0  is  the  Coriolis  parameter, 
=  2ir  rad  dy-1  is  Earth’s  angular  rotation  frequency,  </>  is  latitude,  po  is  the  density 
of  seawater,  p  is  the  dynamical  pressure,  Av  is  the  turbulent  vertical  eddy  viscosity, 
and  (it',  v')  are  surface  gravity  wave  orbital  velocities.  To  write  the  momentum  balance 
in  the  form  of  Eq.  (3.1),  the  continuity  equation  V  •  u  =  0  has  been  used  to  add 
itV  •  u  =  0,  and  similarly  for  the  wave  velocity  u'.  Integrating  vertically  over  the 
water  column  from  the  surface  z  =  y  to  the  bottom  2  =  —h(x),  and  averaging  the 
wave  momentum  flux  terms  over  many  wave  periods  (with  angle  brackets  representing 
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that  time  average)  gives 


Applying  the  surface  and  bottom  boundary  conditions 


du 

Avlfz 


Z=TJ 


'  S 

Po 


(3.3) 


and 


Zb_ 

Po 


(3.4) 


and  using  the  definitions  of  wave  radiation  stress  ( e.g .,  Longuet-Higgins  and  Stewart, 
1964) 


1  dSxx  _  /  fn+r>' d  (u'v!) 

Po  dx  ~  \J_h  dx  Z 


i  ds»*  =  /  r+n‘  a(uV) 

Po  dy  -  \J_h  dy 


(3.5) 


and  depth- average  velocity  u  =  (u,  v), 


u  = 


(3.6) 


and  the  Hasselmann  (1970)  wave  radiation  stress  (e.g.,  Xu  and  Bowen,  1994)  that 


is  due  to  the  Earth’s  rotation  and  involves  the  Stokes’  drift  velocity  ust  =  (uat,vst) 


(Stokes,  1847), 


/  ust 


1 

h 


/  r+TI' d  (w'u') 

\J-k  dz 


(3.7) 
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gives 


r  ^ dz+  r  v-(u  u)  dz-hfv=hfvst~—  r 

J-h  dt  J_h  p0  J-h  ox  p0  po  A 


dSxx  1  dSyx 


po  dx  po  dy 

(3.8) 


If  we  apply  Leibniz’  rule, 


d[v  dy  r 

diJhUdZ~dt  U'Z=T> +  V// '  J  h  UhU dz  ~  '  UliU\*=v  +  V"/l) '  uh«I,=_a 


+  wu \z=v  -  wu\,^_ 


\z=—h  -  hfv 

=hfvu-i  r°Edz+z-£-i 

Po  J-h  dx  po  po  Pi 


dSxx  1  dSyx 


Po  dx  po  dy 


(3.9) 


and  use  the  surface  and  bottom  boundary  conditions 


dy 

dt 


z=V 


dy 

dt 


+  uh|2=„  •  (V//77)  = 


w 


Z=Tj 


Z=T] 


uh|2=-/i  ‘  (— V///r)  =  w\z=_h 


(3.10) 

(3.11) 


and  divide  by  h ,  then  the  cross-shelf  momentum  equation  is 


du 

dt 


!«/',.  1  dr  1  ["  dp 

~hdx  J_h UdZ~hTy  )_rdZ  +  fV  +  fV“  ~pJ>J-i,dx 

X  l  dSxx 


+ 


dz 

1  dSyx 


p0h  p0h  poh  dx  p0h  dy 


(3.12) 


Similarly,  the  depth- averaged  along-shelf  momentum  equation  is 


dv 

dt 


1  dP  ,  1  dfv 

=  -hTxl_huvdz~hdy].k 


v2  dz  —  fu  —  fu 


St 


_i_  r  dp 

Poh  J.h  dy 


dz 


+ 


1  dSxy  1  dSyy 


Poh  poh  poh  dx  p0h  dy 


(3.13) 
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3.3.4  Pressure  Gradients 


The  pressure  in  Eqs.  (3.12)  and  (3.13)  can  be  decomposed  into  a  contribution  from 
near-bottom  pressure  and  a  contribution  from  the  density  structure  of  the  overlying 
water  column.  We  start  with  the  hydrostatic  equation, 

tt- =  —  (po  +  p)g  (3-14) 


where  the  density  has  been  separated  into  a  reference  density  po  that  is  constant  in 
space  and  time,  and  a  part  p  that  varies  in  space  and  time.  This  is  equivalent  to 
removing  the  static  pressure  gradient  dpo/dz  =  —pod  from  Eq.  (3.14),  leaving 

=  -P9  (3-15) 


and  we  then  drop  the  tildes.  The  mean  bottom  pressure  is  not  accurately  known 
from  the  observations.  We  remove  the  mean  measured  bottom  pressure  from  each 
deployment  and  consider  only  time  variations  about  the  mean,  following  previous 
studies  (e.g.,  Brown  et  ah,  1985;  Lentz  et  ah,  1999).  A  vertical  integral  from  —h  to 
z  gives 

P  =  Pb~9  p(x,y,z,t)  dz!  (3.16) 

J-h 

where  pb  =  p\z=_h  is  the  bottom  pressure. 

The  depth-average  (time-varying  part  of  the)  pressure  gradient  can  be  written  as 
the  sum  of  the  gradient  of  bottom  pressure  pb  and  of  a  term  due  to  density  variations 
(Brown  et  ah,  1985).  For  the  depth-average  cross-shelf  pressure  gradient, 


i  r 
^  J-h 


dp  dpb 
dz=-£-  + 


dx 


dx 


i  d  r 
hdiL9p2d! 


(3.17) 


where  we  assume  7/  <<  h,  and  similarly  for  the  along-shelf  pressure  gradient, 


i  = 

h  J-h  dy 


dpb 

dy 


id  r 
Sa» 


(3.18) 
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Alternatively,  the  pressure  gradients  can  be  written  as  the  sum  of  a  barotropic 
pressure  gradient  pbt  due  to  sea-level  and  atmospheric  pressure  variations,  and  a 
baroclinic  pressure  gradient  pbc  due  to  density  variations  in  the  water  column: 


1  f11  dp  dpbt  dpbc 
h  J_h  dx  Z  dx  dx 


where 


and 


and  similarly  for  the  along-shelf  pressure  gradient. 


(3.19) 


(3.20) 


(3.21) 


3.3.5  Calculation  of  Momentum  Budget  Terms  from  Obser¬ 
vations 

We  used  centered  differences  to  calculate  derivatives  with  respect  to  time  and  space 
where  possible.  We  used  a  constant  value  to  extrapolate  vertically  to  the  surface 
(77  ~  0)  and  bottom  of  the  water  column;  the  results  presented  here  do  not  change 
substantially  if  a  linear  extrapolation  is  used  instead.  We  used  the  bathymetry  de¬ 
scribed  in  Chapter  2  for  h(x)  and  linear  wave  theory  to  calculate  the  surface  gravity 
wave  phase  speed  and  wavenumber  for  the  observed  dominant  wave  period,  without 
assuming  shallow-water  waves. 

Bottom  Stress 

To  estimate  bottom  stress  we  used  a  quadratic  drag  formula 


Tb  =  -PoCa  \ua\  uu  (3.22) 

where  Cd  =  1.45  x  10-3  is  the  drag  coefficient  estimated  at  z  =  —9  m  at  the  Node  from 
comparison  with  a  near-bottom  stress  estimate  based  on  turbulent  covariance  mea- 
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surements  ( personal  communication,  J.  Trowbridge ),  and  Uj  is  the  observed  velocity 
at  2  =  —9  m. 

Pressure  Gradients 

To  estimate  the  along-shelf  bottom  pressure  gradient  and  near-surface  density  gra¬ 
dient  during  CBLAST  2003,  we  used  moorings  T1  and  T2,  which  were  on  the  15-m 
isobath.  The  mid-depth  temperature  and  near-bottom  conductivity  sensors  failed  on 
Tl  so  only  the  near-surface  density  gradient  is  available. 

To  estimate  along-shelf  bottom  pressure  and  density  gradients  during  CBLAST 
2001,  we  used  the  sensors  labeled  “bp”  in  Figure  3-1  when  available,  and  a  third 
sensor  deployed  about  15  km  farther  to  the  east  on  the  same  isobath  (not  shown) 
to  fill  in  the  bottom  pressure  gradient  during  some  times  when  bottom  pressure 
from  the  eastern  “bp”  sensor  was  not  available.  The  along-shelf  pressure  gradient 
measured  between  the  sensors  farther  apart  was  similar,  but  smaller  in  magnitude, 
to  the  gradient  between  the  “bp”  sensors  shown  in  Figure  3-1. 

To  estimate  the  cross-shelf  bottom  pressure  gradient  and  cross-shelf  density  gra¬ 
dient  during  CBLAST  2003  and  SWWIM  I,  we  used  the  Node  and  F  moorings. 
Density  information  was  available  throughout  the  water  column  at  the  Node  and  F 
during  CBLAST  2003,  and  at  F  and  near-surface  at  the  Node  during  SWWIM  I.  See 
Section  3.5.6  for  discussion  of  uncertainties  in  the  pressure  gradient  estimates. 

Nonlinear  Advection 

The  nonlinear  advection  terms  were  estimated  as 


(3.23) 


and 


(3.24) 


where  x  =  L  is  the  cross-shelf  location  of  the  Node  mooring,  thereby  assuming  the 
integral  in  each  case  goes  linearly  to  zero  at  the  coast  ( x  =  0)  as  a  function  of  x.  The 
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nonlinear  terms  involving  d/dy  cannot  be  estimated  from  the  available  observations. 


Hasselmann  Wave  Stress 

We  estimated  fust(z,t)  from  the  Stokes’  drift  (Longuet- Higgins,  1953) 

,  ,x  _  9^Mg  cosh  [2k  (z  +  h)] 

Ust  8c  sinh  (2 kh) 

where  k  is  the  wave  vector  and  c  is  the  wave  phase  speed. 


(3.25) 


Wave  Radiation  Stress  Gradients 


We  assumed  no  dissipation  of  surface  gravity  wave  energy  and  then,  following  Lentz 
et  al.  (1999),  estimated  Sxx  from  Longuet- Higgins  and  Stewart  (1964)  as 


Sxx  =  E 


—  (l  +  cos2^)  -  i 
c  2 


(3.26) 


where  E  =  gp0Hgig/ 16  is  the  wave  energy;  cg  and  c  are  the  group  velocity  and 
phase  speed,  calculated  from  linear  wave  theory  with  the  observed  dominant  wave 
period;  and  0W  is  the  direction  of  wave  propagation.  We  used  conservation  of  wave 
energy  flux  cgE  to  estimate  Hsig  and  0W  on  the  11-  and  13-m  isobaths  from  the  Hsig 
and  0W  observed  at  the  12-in  isobath.  To  calculate  the  cross-shelf  gradient  of  Sxx,  we 
estimated  Sxx  on  the  11-  and  13-m  isobaths  and  used  a  finite  difference  approximation 
to  dSxx/dx.  The  result  is  the  same  if  we  instead  calculate  Sxx  on  the  11.9-  and  12.1-m 
isobaths. 

We  assume  Syx  =  0  since  the  MVCO  Node  site  is  always  outside  the  surfzone 
(Appendix  E)  and  we  are  assuming  no  wave  dissipation.  Sxy  and  Syy  cannot  be 
estimated  from  the  available  observations. 


Residuals 

The  residual  Rx  for  the  cross-shelf  momentum  budget  is  estimated  as  the  difference 
between  the  observed  acceleration  and  the  acceleration  predicted  by  the  sum  of  all 


82 


the  other  estimated  terms: 


Rx  = 


du 

dt 


(_\d_  r 

V  hdx  J_h 


u 2  dz  +  fv  +  fvst 


_JL  r 

Poh  7_ 


v  dp 
dx 


dz 


1  dS3 


p0h  p0h  p0h.  dx 


Similarly,  the  residual  Ry  for  the  along-shelf  momentum  budget  is 


(3.27) 


dv  f  l  d  fv  1  P  dp 

"  -  m  ~  (-53E L uvdz  ~  fu ~  fu’>  ~  m Lei dz 


+ 


p0h  poh 


(3.28) 


3.4  Results 

3.4.1  Pressure  and  Bottom  Pressure 

During  all  times  when  estimates  of  the  horizontal  pressure  gradients  are  available, 
the  gradient  of  bottom  pressure  was  large  compared  to  the  density  contribution  to 
the  pressure  gradient  [see  Eqs.  (3.17)  and  (3.18)]  (Figure  3-2)  in  both  the  along- 
shelf  and  cross-shelf  directions.  This  is  in  contrast  to  mid-shelf  (Lentz  et.  al.,  1999; 
Shearman  and  Lentz,  2003)  and  an  inner  shelf  site  influenced  by  a  river  outflow  plume 
(Lentz  et  al.,  1999)  where  the  baroclinic  pressure  gradient  can  be  the  same  size  as 
the  barotropic  pressure  gradient.  Consequently,  we  use  the  bottom  pressure  gradient 
to  represent  the  full  pressure  gradient  when  density  measurements  are  not  available. 

3.4.2  Cross-Shelf  Momentum  Budget 

In  the  time-mean  depth-average  cross-shelf  momentum  budget  at  the  Node,  the  Cori¬ 
olis  term  and  wave  radiation  stress  gradient  are  the  dominant  terms  (Figures  3-3 
and  3-4  and  Table  3.1).  The  mean  wind  stress  is  small,  especially  in  summer.  Al¬ 
though  we  cannot  estimate  the  mean  cross-shelf  pressure  gradient,  it  should  be  com¬ 
parable  in  magnitude  to  the  Coriolis  term  if  the  cross-shelf  balance  at  the  Node  is  at 
least  partly  geostrophic,  as  in  the  fluctuating  subtidal  momentum  budget  below.  At 
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mooring  F,  the  Coriolis  term  is  the  largest  estimated  term  in  the  time-mean  budget 
and  may  be  in  geostrophic  balance  with  the  (unknown)  mean  cross-shelf  pressure 
gradient  (Figures  3-5  and  3-6  and  Table  3.1).  The  wave  radiation  stress  gradient  and 
cross-shelf  wind  stress  terms  are  negligible  in  the  time-mean  budget  at  F  due  to  the 
larger  water  depth  at  F,  and  the  inverse  dependence  of  Sxx/poh  and  tx / p0h  on  water 
depth. 

In  the  fluctuating  subtidal  budget  at  the  Node,  the  sizes  of  the  standard  deviations 
of  the  terms  indicate  there  are  four  dominant  terms:  the  Coriolis  acceleration,  wave 
radiation  stress  gradient,  pressure  gradient,  and  cross-shelf  wind  stress  (Table  3.1). 
This  agrees  with  an  observed  momentum  budget  at  13-m  depth  on  the  North  Carolina 
inner  shelf  (Lentz  et  ah,  1999).  The  other  estimated  terms  (acceleration  of  the  cross¬ 
shelf  flow,  the  nonlinear  term  involving  u 2,  the  Hasselmann  wave  stress  due  to  waves 
propagating  in  the  along-shelf  direction,  and  bottom  stress)  are  one  to  two  orders  of 
magnitude  smaller  than  the  dominant  terms  (Table  3.1).  At  mooring  F,  the  situation 
is  similar  except  that  wave  radiation  stress  is  negligible. 

Linear  regression  and  correlation  analysis  suggests  that  the  cross-shelf  momentum 
balance  at  the  Node  is  not  simply  geostrophic,  but  instead  is  the  superposition  of  at 
least  two  separate  balances:  coastal  setup  driven  by  the  cross-shelf  wind  stress,  and 
geostrophic  balance.  The  Coriolis  term  and  cross-shelf  wind  stress  at  the  Node  are 
both  significantly  correlated  with  the  estimated  cross-shelf  pressure  gradient,  with 
regression  slopes  of  order  1  (Tables  3.2  and  3.3;  Figure  3-7,  left  panels;  and  Figure  3- 
8,  upper  left).  At  F,  the  along-shelf  flow  does  not  appear  to  be  geostrophic;  the 
correlation  between  the  Coriolis  and  pressure  gradient  terms  is  barely  significant  in 
summer  and  low  in  winter,  and  the  regression  slope  is  O(10_1),  not  0(1)  (Tables  3.2 
and  3.3  and  Figure  3-7,  right  panels). 

Geostrophy  is  more  dominant  than  wind-driven  setup  at  the  Node  in  winter.  The 
Coriolis  term  at  the  Node  is  more  strongly  correlated  with  the  cross-shelf  pressure 
gradient  in  winter  than  in  summer  (Figure  3-7,  blue  symbols  in  upper  panel;  and 
Table  3.2).  The  winter  budget  is  improved  by  the  addition  of  cross-shelf  wind  stress 
(Figure  3-8,  lower  left;  and  Table  3.2)  but  not  further  improved  by  the  addition  of 
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the  wave  radiation  stress  gradient  (Figure  3-8,  lower  right). 

Wind-driven  setup  is  more  important  than  geostrophy  at  the  Node  in  summer. 
Even  though  the  subtidal  fluctuations  in  the  Coriolis  and  pressure  gradient  terms  are 
comparable  in  size  (Table  3.1),  those  fluctuations  are  not  highly  correlated  compared 
to  other  terms  in  the  budget,  and  do  not  balance  (Table  3.3).  The  summer  budget 
closes  no  better  (the  correlation  with  pressure  gradient  is  no  higher,  and  the  regression 
slope  is  no  closer  to  1)  with  cross-shelf  wind  stress  plus  the  Coriolis  term  than  with 
cross-shelf  wind  stress  alone  (Table  3.3,  and  compare  Figure  3-7,  upper  left  with 
Figure  3-8,  left  panels).  The  slope  of  the  bin-averaged  red  dots  in  Figure  3-8,  upper 
left  is  different  from  the  slope  in  Table  3.3  because  the  bin-averaged  data  weight 
each  pressure  gradient  bin  equally,  while  the  regression  in  Table  3.3  weights  small 
pressure  gradients  more  heavily  because  more  of  the  observations  occurred  at  small 
pressure  gradient  values.  Similarly  to  winter,  the  summer  budget  is  not  improved  by 
the  addition  of  wave  radiation  stress  gradient  (Table  3.3  and  Figure  3-8,  lower  right). 

The  large  size  of  the  wave  radiation  stress  gradient  at  the  Node  (Table  3.1)  com¬ 
pared  to  the  measured  cross-shelf  pressure  gradient  suggests  that,  the  cross-shelf  mo¬ 
mentum  balance  is  really  a  superposition  of  three  separate  balances:  geostrophy  (pres¬ 
sure  gradient  balancing  Coriolis),  wind-driven  coastal  setup  (pressure  gradient  bal¬ 
ancing  cross-shelf  wind  stress),  and  wave-driven  coastal  set-down  [pressure  gradient 
balancing  wave  radiation  stress  due  to  shoaling  waves,  (Longuet- Higgins  and  Stewart, 
1964)].  In  spite  of  its  large  size,  however,  the  wave  radiation  stress  gradient  is  not 
significantly  correlated  with  the  estimated  cross-shelf  pressure  gradient  (Tables  3.2 
and  3.3  and  Figure  3-8,  upper  right).  This  may  indicate  that  the  wave  radiation  stress 
gradient  is  an  overestimate.  We  assume  no  dissipation  of  wave  energy  to  estimate 
the  wave  height  at  F  from  the  measured  wave  height  at  the  Node  (Section  3.3.5),  but 
substantial  dissipation  of  swell  energy  (a  factor  of  4  reduction  between  shelf  break 
and  surfzone)  has  been  observed  over  the  broad  North  Carolina  shelf  during  strong 
wave  forcing  (Herbers  et,  al.,  2000).  It  is  possible  that  substantial  dissipation  of  swell 
energy  occurs  between  mooring  F  and  the  Node,  and  due  to  the  one-sided  finite  dif¬ 
ference  estimate  of  the  pressure  gradient.  Another  possibility  is  that  the  cross-shelf 
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pressure  gradient  is  an  underestimate  due  to  the  large  separation  between  the  bottom 
pressure  sensors  at  the  Node  and  F  compared  to  the  distance  from  the  Node  to  the 
surfzone  and  coast.  The  pressure  gradient  due  to  wave-driven  set-down  may  exist 
over  a  smaller  cross-shelf  scale  than  is  resolved  by  these  observations  (Section  3.5.1). 

We  compare  the  sizes  of  the  cross-shelf  wind  stress,  wave  radiation  stress  gradi¬ 
ent,  and  Coriolis  terms  in  the  budget  to  each  other  (Figure  3-9)  in  addition  to  the 
above  comparison  of  those  terms  to  the  cross-shelf  pressure  gradient  estimate,  which 
is  a  much  shorter  time  series.  The  cross-shelf  wind  stress  term  and  the  Coriolis  term 
are  not  clearly  related  except  when  the  along-shelf  flow  is  eastward  (Figure  3-9,  up¬ 
per  left),  but  the  size  of  the  two  terms  is  nearly  the  same  (as  measured  by  their 
standard  deviations  on  subtidal  time  scales;  Table  3.1).  Therefore,  the  depth-average 
cross-shelf  momentum  budget  is  not  expected  to  be  geostrophic  when  cross-shelf  wind 
stress  forcing  is  present;  instead,  the  cross-shelf  wind  stress  and  cross-shelf  pressure 
gradient  and  Coriolis  acceleration  should  form  a  balance  (if  wave  forcing  is  unimpor¬ 
tant),  as  shown  in  the  preceding  paragraphs.  The  wave  radiation  stress  gradient  is 
also  comparable  to  the  Coriolis  term,  at  least  when  the  along-shelf  flow  is  westward 
(Figure  3-9,  upper  right).  Therefore,  according  to  this  estimate  of  Sxx,  the  momen¬ 
tum  budget  should  not  be  geostrophic  when  wave  forcing  is  present,  because  Sxx  is 
then  an  important  term. 

Wave  forcing  and  wind  forcing  are  strongly  correlated  at  this  site  (Chapter  2 
and  Figure  3-9,  lower  left).  Negative  (onshore)  cross-shelf  wind  stresses,  and  along- 
shelf  wind  stresses  of  either  sign,  are  associated  with  substantial  wave  radiation  stress 
gradients.  Therefore,  except  for  wind  stress  going  from  land  to  sea,  the  wind  stress  and 
wave  radiation  stress  terms  in  the  cross-shelf  momentum  budget  tend  to  be  important 
at  the  same  time.  The  result  is  that  the  sum  of  those  two  terms  is  comparable 
to  the  Coriolis  term  and  the  cross-shelf  momentum  budget  should  generally  not  be 
geostrophic  at  this  site  (Figure  3-9,  lower  right). 
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3.4.3  Along-Shelf  Momentum  Budget 


In  contrast  to  the  cross-shelf  momentum  budget  in  Section  3.4.2,  we  do  not  sepa¬ 
rate  the  plots  of  the  along-shelf  momentum  budget  terms  into  summer  and  winter 
times.  Nearly  all  the  along-shelf  pressure  gradient  measurements  were  made  in  sum¬ 
mer  (there  are  141  days  of  summer  data,  versus  12  days  of  winter  data  that  are  really 
in  fall). 

Dominant  Balance:  Wind  Stress  and  Pressure  Gradient 

In  the  subtidal  fluctuating  along-shelf  momentum  budget  (Figures  3-10  through  3- 
12),  there  is  an  approximate  balance  between  the  wind  stress  and  pressure  gradient. 
To  most  accurately  compare  the  wind  stress  term  rj'/po/?  with  the  pressure  gradient 
term  ( dpb/dy)/po  in  the  budget,  we  use  for  h  the  water  depth  at  which  the  pressure 
gradient  was  measured:  19  m  in  2001  and  15  m  in  2003  (Table  3.4).  The  along- 
shelf  pressure  gradient  was  significantly  correlated  with  the  along-shelf  wind  stress 
during  both  CBLAST  2001  and  CBLAST  2003,  with  a  slope  near  1  and  an  intercept 
near  zero.  The  maximum  correlation  during  2001  (2003)  is  for  the  pressure  gradient 
lagging  the  wind  stress  by  —2  hr  (20  min),  but  those  maximum  correlations  are  not 
significantly  different  from  the  correlations  at  zero  lag  in  Table  3.4.  The  along-shelf 
wind  stress  and  along-shelf  pressure  gradient  are  essentially  in  phase  in  time.  This 
suggests  the  along-shelf  pressure  gradient  is  a  response  to  local  wind  forcing,  rather 
than  being  a  remotely  generated  pressure  gradient. 

The  direction  of  the  component  of  wind  stress  most  highly  correlated  with  the 
along-shelf  pressure  gradient  was  11°  (  —  1°)  clockwise  from  true  east  for  2001  (2003). 
The  correlation  coefficient  and  the  slope  and  intercept  of  the  regression  of  that  wind 
stress  component  against  the  along-shelf  pressure  gradient  were  not  significantly  dif¬ 
ferent  than  the  results  for  the  along-shelf  component  of  the  wind  stress  presented  in 
Table  3.4. 

Below,  we  compare  the  pressure  gradient  with  terms  in  the  along-shelf  momentum 
budget  other  than  the  wind  stress.  Since  we  do  not  have  measurements  of  the  cross- 
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shelf  variation  in  along-shelf  pressure  gradient,  we  assume  that  dpb/dy  is  constant  in 
the  cross-shelf  direction. 

Coriolis  Acceleration  in  27-m  Water  Depth 

At  mooring  F,  the  Coriolis  term  fu  due  to  the  cross-shelf  flow  is  the  largest  term  in 
the  depth-averaged  budget  after  the  pressure  gradient;  the  subtidal  fluctuations  in  fu 
are  larger  than  in  the  wind  stress  (Table  3.5).  Although  fu  is  large  compared  to  the 
other  estimated  terms  at  F,  it  is  not  correlated  with  the  along-shelf  pressure  gradient 
(Table  3.6)  or  the  acceleration  term  dv/dt  (not  shown).  The  lack  of  relationship  of 
fu  with  other  terms  in  the  budget  is  not  due  to  an  inaccurate  estimate  of  fu  from 
uncertainty  in  the  coordinate  system;  only  the  mean  value  of  fu,  and  not  the  standard 
deviation  on  subtidal  time  scales,  is  sensitive  to  rotating  the  coordinate  system  by 
±5°.  One  possible  explanation  is  that  the  cross-isobath  flow  u  at  F  is  mainly  due  to  a 
locally  three-dimensional  flow  caused  by  the  nearby  topographic  variations  (Figure  3- 
1)  and  is  balanced  by  small-scale  pressure  gradients  that  are  not  resolved  by  the 
observations  of  bottom  pressure  used  here,  which  are  separated  by  over  10  km.  fu  is 
slightly  correlated  with  the  along-shelf  wind  stress  (r  =  0.25,  r^%  =  0.14),  consistent 
with  the  idea  of  wind-forced  cross-isobath  flow  due  to  the  narrowing  of  the  isobaths 
to  the  east  of  mooring  F  ( i.e .,  an  eastward  wind  stress  causes  offshore  flow  at  F 
throughout  the  water  column). 

Bottom  Stress 

The  along-shelf  wind  stress  and  bottom  stress  are  significantly  correlated  at  both  the 
Node  and  F,  but  do  not  balance  (Table  3.7).  The  correlation  is  stronger  in  winter 
than  summer,  and  stronger  at  the  Node  than  at  F.  The  bottom  stress  is  20%  (10%)  of 
the  wind  stress  at  the  Node  (F)  on  average  (Table  3.7  and  Figure  3-13).  The  bottom 
stress  is  less  important  at  F,  which  is  closer  to  mid-shelf,  than  at  the  Node  partly  due 
to  the  deeper  water  at  F  and  the  inverse  dependence  of  Tjf/p0h  on  h.  rjj  ~  0.1  —  0.2rsy 
is  similar  to  the  bottom  stress  at  the  Coastal  Mixing  and  Optics  experiment  site  on 
the  mid-  to  outer  shelf  south  of  MVCO,  where  the  bottom  stress  is  ~7  times  weaker 
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than  the  wind  stress  (Shearman  and  Lentz,  2003).  It  is  the  pressure  gradient  and  not 
the  bottom  stress  that  primarily  balances  the  wind  stress  near  MVCO. 


Balance  of  u  and  ust  in  12-m  Water  Depth 


Although  the  Coriolis  acceleration  due  to  the  depth-average  cross-shelf  flow  fu  and 
the  Hasselmann  wave  stress  fust  are  not  dominant  terms  in  the  along-shelf  momentum 
budget  at  the  Node,  they  tend  to  balance  (Appendix  E).  One  explanation  is  that 
a  balance  between  fti  and  —fust  is  consistent  with  an  approximately  along-shelf 
uniform  circulation,  in  which  the  depth-average  cross-shelf  flow  is  constrained  by 
continuity  to  be  zero.  The  wave-averaged  continuity  equation  is 


1 

h 


9_H% 

16c/?. 


(3.29) 


where  r/  is  the  wave-averaged  sea  level  elevation.  The  left-hand  side  of  Eq.  (3.29)  is  just 
the  depth-average  velocity  «,  and  gHfg/\6ch  =  ust.  Therefore,  u  —  —ust  is  required 
by  continuity  for  along-shelf  uniform  flow  with  constant  wave  forcing.  If  the  flow  field 
is  approximately  uniform  in  the  along-shelf  direction,  the  terms  fu  and  fust  will  tend 
to  balance  and  will  have  the  important  role  of  completely  determining  the  value  of  the 
depth-average  cross-shelf  flow  u,  even  though  the  terms  themselves  do  not  dominate 
the  momentum  budget.  At  the  Node,  the  Coriolis  term  fu  is  determined  by  the  wave 
forcing,  consistent  with  approximately  along-shelf  uniform  flow  (Appendix  E). 

In  contrast  to  the  Node,  at  F  the  variability  in  fu  is  6  times  as  large  as  in 
fust  and  the  two  terms  are  not  significantly  correlated.  This  imbalance  suggests  the 
flow  near  F  is  less  uniform  in  the  along-shelf  direction  than  at  the  Node,  consistent 
with  the  substantial  synoptic  variations  in  along-shelf  advective  heat  flux  divergence 
inferred  from  observations  near  F  (Chapter  4).  Another  indication  that  the  Node 
and  mooring  F  are  in  dynamically  different  regions  of  the  shelf  is  that,  the  along-shelf 
depth-average  flows  v  at  the  Node  and  F  are  barely  significantly  correlated  during 
SWWIM  I  (r  =  0.27,  r95%  =  0.25)  and  not  highly  correlated  during  CBLAST  2003 
(r  =  0.58,  r95%  =  0.20). 
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Other  Terms 


The  remaining  terms  in  the  along-shelf  momentum  budget  are  not  all  negligible. 
At  the  Node,  the  acceleration  and  estimated  nonlinear  advection  are  about  one-half 
to  one-third  the  size  of  the  pressure  gradient  and  are  comparable  to  the  bottom 
stress  (Table  3.5).  At  F,  the  acceleration  term  is  comparable  in  size  to  the  wind 
stress  (Table  3.5),  although  the  acceleration  is  not  significantly  correlated  with  the 
measured  pressure  gradient  (Table  3.6).  Including  the  bottom  stress,  acceleration,  or 
all  other  estimated  terms  in  addition  to  the  wind  stress  does  not  make  the  along-shelf 
momentum  budget  close  significantly  better  at  the  Node  or  at  F  than  with  wind  stress 
and  pressure  gradient  alone  (Table  3.6  and  Figures  3-14  and  3-15).  The  correlation 
with  the  pressure  gradient  becomes  worse  as  more  terms  are  added,  the  regression 
slope  does  not  get  closer  to  1,  and  the  intercept  moves  away  from  zero.  One  possible 
explanation  is  that  the  acceleration  and  nonlinear  advection  terms  in  the  along-shelf 
momentum  budget  are  associated  with  smaller- scale  pressure  gradients  (i.e.,  sea  level 
variations  with  spatial  scales  of  a  few  kilometers  or  less)  than  the  pressure  gradients 
resolved  by  these  observations,  which  have  scales  of  10  km  or  more. 


3.5  Discussion 


3.5.1  Horizontal  Scales  of  the  Pressure  Gradient 


If  the  distances  over  which  dynamically  important  sea  level  variations  take  place 
are  small  compared  to  the  distance  between  the  pressure  sensors  used  here  (10- 
15  kin),  our  pressure  gradient  estimates  may  be  too  small.  The  cross-shelf  pressure 
gradient  and  sea-level  displacement  has  a  varying  cross-shelf  scale,  depending  on 
whether  the  pressure  gradient  is  due  to  geostrophic  balance,  coastal  set-up/set-down 
driven  by  the  cross-shelf  wind,  or  coastal  set-down  driven  by  the  wave  radiation  stress 
gradient  (Figures  3-16  through  3-18).  If  the  cross-shelf  momentum  balance  is  exactly 
geostrophic, 


1  dpb 
po  dx 


(3.30) 
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then  the  pressure  gradient  is 


(3.31) 


dpb 

=  Pofv 
ox 


If  we  use  the  hydrostatic  relation  to  write  the  sea-level  gradient  dg/dx  in  terms  of 


the  pressure  gradient  as 


dp  1  dpb 
dx  p0g  dx 


(3.32) 


then  the  sea-level  gradient  due  to  a  geostrophic  balance  is 


dp  _  /_ 

dx  gV 


(3.33) 


Integrating  the  above  equation  with  respect  to  x  gives  the  sea-level  displacement 
relative  to  its  value  at  (say)  the  8-m  isobath  as 


V(X)  -  P\h=8  m 


i  r 

3  J  x\h=s 


v  dx' 


(3.34) 


To  estimate  the  cross-shelf  pressure  gradient  and  sea-level  displacement  for  an  exactly 
geostrophic  balance  over  the  MVCO  bathymetry  (Figure  3-16,  top),  we  use  for  v  the 
observed  time-mean  along-shelf  flow  in  the  Middle  Atlantic  Bight  from  Lentz  (2007a): 
the  flow  increases  linearly  with  water  depth  (Figure  3-16,  middle)  as 


v  =  (—0.065  cm  s  1  m  *)  h(x)  —  2.1  cm  s  1  (3.35) 


The  cross-shelf  pressure  gradient  due  to  geostrophic  balance  of  the  above  velocity 
is  negative  (Figure  3-16,  bottom)  and  the  associated  sea-level  displacement,  relative 
to  the  sea  level  at  the  8-m  isobath,  is  ~  —0.02  mm  at  the  Node  and  ~  —0.4  mm  at 
mooring  F  (Figure  3-19,  top). 


If  the  cross-shelf  momentum  budget  is  exactly  a  coastal  set-up/set-down  balance 
between  the  cross-shelf  pressure  gradient  and  cross-shelf  wind  stress, 


r*  _  l_djt 
Poh  Pq  dx 


(3.36) 
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then  the  pressure  gradient  is 


(3.37) 


dp^_rj_ 

dx  h 

Again  using  the  hydrostatic  relation,  the  sea-level  gradient  is 

dg  _  txs 

dx  p0gh 


(3.38) 


and  the  sea-level  displacement  relative  to  its  value  at  the  8-m  isobath  is 


V(x)  ~  V\h=8  m 


(3.39) 


To  estimate  dpb/dx  and  dg/dx  for  this  balance,  we  use  r x  =  0.05  N  m-2  and  the 
MVCO  bathymetry  h(x).  The  cross-shelf  pressure  gradient  due  to  this  moderate 
offshore  wind  forcing  is  positive  and  larger  near  the  coast  due  to  the  dependence  of 
the  pressure  gradient  on  l/h  (Figure  3-17).  The  sea-level  displacement,  relative  to 
sea  level  at  the  8-m  isobath,  is  ~  0.03  mm  at  the  Node  and  ~  0.3  mm  at  mooring  F 
(Figure  3-19,  middle). 

If  the  cross-shelf  momentum  budget  is  exactly  a  coastal  set-down  balance  due  to 
the  cross-shelf  wave  radiation  stress  gradient  from  shoaling  waves, 


pah  dx 

Po  dx 

(3.40) 

then  the  pressure  gradient  is 

dpb  _ 

1  dSxx 

(3.41) 

dx 

h  dx 

The  sea-level  gradient  is 

dg 

1  dSxx 

(3.42) 

dx 

p0gh  dx 

and  the  sea-level  displacement  relative  to  its  value  at  the  8-m  isobath  is 


V(x)  ~  V\h=s , 


J_  [x  1 


dSx 


h  dx 


dx' 


(3.43) 


To  estimate  dpb/dx  and  dg/dx  for  this  balance,  we  use  linear  wave  theory  for  a  wave 
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propagating  directly  onshore  over  the  MVCO  bathymetry  (Figure  3-17,  top)  with 
HSig  =  2  m  at  the  12-m  isobath  and  a  wave  period  of  6  s,  assuming  no  dissipation 
of  wave  energy.  The  significant  wave  height  decreases  as  the  waves  propagate  from 
mooring  F  to  the  Node  due  to  the  shoaling  bottom;  the  wave  height  only  begins  to 
increase  again  very  close  to  the  surfzone,  onshore  of  the  Node  (Figure  3-18,  top).  We 
do  not  estimate  Hsig  or  Sxx  onshore  of  the  outer  edge  of  the  surfzone,  defined  here 
as  Hsig/h  =  1/3  from  Thornton  and  Guza  (1983),  following  Lentz  et.  al.  (1999).  The 
wave  radiation  stress  is  nearly  constant  in  the  cross-shelf  direction  near  mooring  F ;  the 
cross-shelf  gradient  of  wave  radiation  stress  for  the  MVCO  bathymetry  is  negligible 
at  mooring  F  compared  to  near  the  Node,  and  the  stress  divergence  increases  rapidly 
toward  the  coast  onshore  of  the  Node  (Figure  3-18,  middle).  The  cross-shelf  pressure 
gradient  due  to  this  wave  forcing  is  positive  and  much  larger  near  the  coast  than  at 
mooring  F  (Figure  3-18,  bottom),  similarly  to  the  pressure  gradient  from  cross-shelf 
wind  forcing,  due  to  the  inverse  dependence  of  both  the  pressure  gradient  and  the 
wave  radiation  stress  gradient,  on  h.  The  associated  sea-level  displacement,  relative 
to  sea  level  at  the  8-m  isobath,  is  ~  0.4  mm  at  the  Node  and  ~  0.7  mm  at  mooring 
F  (Figure  3-19,  bottom). 

The  sea-level  displacement  due  to  geostrophic  balance  or  cross-shelf  wind  forc¬ 
ing  increases  (in  magnitude)  approximately  linearly  with  distance  from  the  coast, 
assuming  v  has  the  form  in  Eq.  (3.35)  (Figure  3-19,  top  and  middle).  In  contrast, 
the  sea-level  displacement  due  to  wave  forcing  increases  rapidly  near  the  Node  but 
is  nearly  constant  near  mooring  F  (Figure  3-19,  bottom).  As  a  result,  the  sea-level 
gradient  (or  pressure  gradient)  estimated  from  the  sea-level  difference  (or  bottom 
pressure  difference)  between  the  Node  and  mooring  F  may  be  a  good  proxy  for  the 
sea-level  gradient  at  the  Node  and  at  F  when  the  Coriolis  term  due  to  along-shelf 
flow  or  the  cross-shelf  wind  stress  is  the  dominant  forcing,  but  not  when  wave  forc¬ 
ing  is  dominant.  The  sea-level  gradient  that  would  be  estimated  from  the  sea-level 
difference  between  the  Node  and  F  is  the  slope  of  the  thin  line  in  each  panel  of  Fig¬ 
ure  3-19,  and  the  true  sea-level  gradient  near  the  Node  is  the  slope  of  the  dashed  line. 
The  ratio  of  the  true  gradient  to  the  estimated  gradient  is  0.8,  1.7,  and  6.2  for  the 
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geostrophic,  wind,  and  wave  balances,  respectively.  The  pressure  gradients  discussed 
in  Section  3.4  could  therefore  be  underestimated  by  a  factor  of  ~  5  —  10  during  wave 
forcing.  This  may  be  the  reason  for  the  lack  of  correlation  of  the  estimated  cross-shelf 
pressure  gradient  and  wave  radiation  stress  gradient,  in  spite  of  the  apparently  large 
wave  radiation  stress  gradient. 

3.5.2  Cross-Shelf  Flow,  Wind  Stress,  and  Bottom  Stress 

The  cross-shelf  wind  stress  and  bottom  stress  are  strongly  negatively  correlated,  but 
far  from  the  same  magnitude  (Figure  3-20).  The  inverse  relation  between  surface 
and  bottom  stress  is  consistent  with  the  two-layer  cross-shelf  flow  structure  driven 
by  cross-shelf  wind  forcing  that  has  been  observed  at  the  Node  (Chapter  2).  When 
the  wind  is  directed  offshore,  the  near-surface  flow  is  offshore  and  there  is  an  onshore 
return  flow  near  the  bottom,  leading  to  a  (small  bottom  stress  directed  onshore, 
opposite  to  the  wind  stress.  That  bottom  stress  is  only  4%  of  the  wind  stress  on 
average. 

3.5.3  Along-Shelf  Flow  and  Wind  Stress 

The  along-shelf  depth-average  flow  is  strongly  correlated  with  the  along-shelf  wind 
stress  on  subtidal  time  scales  (Figure  3-21),  similarly  to  mid-shelf  locations  in  the 
Middle  Atlantic  Bight  ( e.g .,  Shearman  and  Lentz,  2003).  The  influence  of  the  high 
correlation  between  v  and  rsy  provides  an  explanation  for  the  relation  between  Sxx  j pah 
and  fv  (Figure  3-9  and  Section  3.4.2).  Because  v  ~  (Figure  3-21),  the  relation 
between  Sxx  and  v  (Figure  3-9,  upper  right)  has  the  same  shape  as  the  relation 
between  Sxx  and  rj'  (Figure  3-9,  lower  left). 

The  main  along-shelf  balance  at  the  Node  is  between  the  along-shelf  wind  stress 
and  along-shelf  pressure  gradient,  with  some  contribution  from  bottom  stress  (Sec¬ 
tion  3.4.3).  The  wind  stress  and  pressure  gradient  are  not  exactly  in  balance  at  all 
times,  and  the  difference  between  those  terms  could  act  as  forcing  for  the  along-shelf 
flow,  which  might  accelerate  until  the  bottom  stress  became  large  enough  to  balance 
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the  wind  stress  and  pressure  gradient.  To  test  whether  the  time-varying  imbalance 
between  the  wind  stress  and  pressure  gradient  can  explain  the  strong  relation  between 
v  and  Tg,  we  use  the  approach  of  Lentz  et  al.  (1999).  If  the  bottom  stress  is  related 
to  the  along-shelf  velocity  by  a  linear  drag  law  of  the  form  rp  =  por(T>  where  i'b  is  the 
bottom  drag  coefficient,  the  along-shelf  momentum  equation  can  be  written 

*  +  3?  =  +  ib  (3.44) 

dt  ^  h  p0dy^  Poh  [  ’ 

using  only  the  acceleration  term  and  the  terms  that  are  dominant  near  the  MVCO 
Node.  The  left-hand  terms  in  Eq.  (3.44)  are  the  “response”  to  the  right-hand  “forcing” 
terms.  A  linear  drag  law  fits  the  MVCO  subtidal  data  reasonably  well  (Figure  3-22), 
with  a  best-fit.  drag  coefficient  =  (3.16  ±  0.06)  x  10-4  m  s_1,  close  to  the  value  of 
2.5  x  10-4  m  s-1  found  by  Lentz  (2007a)  for  the  Middle  Atlantic  Bight  as  a  whole. 
The  predicted  along-shelf  velocity  vp  can  be  calculated  as  a  function  of  the  time- 
varying  wind  stress  and  pressure  gradient  forcing  by  integrating  Eq.  (3.44)  in  time  to 
give  (Lentz  and  Winant,  1986) 

vp  =  ['  (~~  +  I{)e-f,-,'yTldt'+v\t_.  e+‘W  (3.45) 

p  Jt0  V  Po  dy  p0h)  k-t0 

where  Tj  =  (h /?•(,)  is  the  time  scale  over  which  bottom  friction  becomes  important. 
At  the  Node  ( h  =  12  m),  Tj  =  10.5  hr.  The  response  on  longer  time  scales,  such 
as  the  subtidal  time  scales  considered  here  (time  scales  >  33  hr),  should  be  strongly 
affected  by  bottom  friction  (Lentz  et  al.,  1999). 

The  along-shelf  velocity  predicted  by  Eq.  3.45  (Figure  3-23)  is  significantly  corre¬ 
lated  with  the  observed  v  during  CBLAST  2003  at  the  95%  confidence  level  only  if 
vp  is  high-pass  filtered  with  a  5-10  day  cutoff.  Low-frequency  drifts  due  to  settling 
of  the  pressure  sensors  into  the  bottom  that  were  not  perfectly  removed  from  the 
pressure  measurements  may  be  adding  low-frequency  “noise”  to  vp ,  or  the  model  in 
Eqs.  (3.44)  and  (3.45)  may  not  be  correct  for  the  Node.  During  CBLAST  2001,  vp 
and  v  are  not  significantly  correlated  at  the  95%  confidence  level  and  the  time  series 
is  too  short  to  remove  a  10-day  low-frequency  signal  from  vp. 
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Although  v  is  not  well-represented  by  vp,  vp  is  strongly  related  to  the  along- 
shelf  wind  stress  (Figure  3-24).  A  momentum  balance  of  the  form  Eq.  (3.44)  does 
produce  an  along-shelf  flow  that  is  highly  correlated  with  the  along-shelf  wind,  for  the 
forcing  magnitudes  and  frictional  time  scale  observed  at  the  Node.  If  the  difference 
between  vp  and  v  on  long  (>5  days)  time  scales  is  only  due  to  inaccurate  pressure 
gradient  estimates,  then  a  balance  between  acceleration,  bottom  stress,  wind  stress, 
and  pressure  gradient  is  a  plausible  explanation  for  the  strong  relation  between  v  and 
Tg  observed  at  the  Node. 

3.5.4  Thermal  Wind  Shear  in  Along-Shelf  Flow 

During  summer  and  fall  2003,  the  vertical  shear  in  the  along-shelf  subtidal  flow  at 
both  the  Node  and  mooring  F  was  of  the  right  magnitude  and  sign  to  be  in  ther¬ 
mal  wind  balance  with  the  cross-shelf  density  gradient  (Figure  3-25).  The  regression 
slope  of  dv/dz  against  —g(dp/dx)/p0f  is  order  1  at  all  depths  for  which  the  slope 
can  be  calculated,  and  the  intercept  is  less  than  1  cm  s-1  m-1  in  magnitude,  al¬ 
though  the  correlation  is  only  significant  at  the  95%  confidence  level  at  some  depths, 
and  barely  significant  at  any  depth  at  the  Node.  The  density  observations  during 
CBLAST  2003  were  0.7,  2.4,  4.8,  7.2,  and  9.6  m  below  the  water  surface  at  the  Node, 
and  1,  6,  8,  9,  11.5,  12.5,  16,  19,  and  22  m  below  the  water  surface  at  F,  so  the  cross- 
slielf  density  gradient  can  be  calculated  in  the  upper  9.6  m  of  the  water  column.  The 
regression  slope  tends  to  be  larger  than  1  (~  1.5-3)  in  the  upper  6-8  m  of  the  wa¬ 
ter  column,  indicating  that  processes  other  than  thermal  wind  balance  (for  instance, 
wind  forcing)  may  be  important  for  producing  vertical  shear  in  the  along-shelf  flow 
(or  that  the  cross-shelf  density  gradient  is  an  underestimate,  which  is  possible  due  to 
the  relatively  large  separation  between  the  Node  and  F  compared  with  the  distance 
between  the  Node  and  the  coast). 
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3.5.5  Vertical  Shear  in  Cross-Shelf  Flow 


Surface  gravity  wave  forcing  is  associated  with  vertical  shear  in  the  cross-shelf  flow 
at  the  Node,  because  the  Stokes’  drift  velocity  ust  is  vertically  sheared  and  there  is 
a  tendency  for  u  =  —ust  to  hold  at  each  depth  in  winter  (Appendix  E).  Cross-shelf 
wind  forcing  also  produces  a  vertically-sheared  cross-shelf  flow  at  this  site  (Chapter  2). 
During  times  when  the  wind  stress  is  weak  in  both  summer  and  winter,  however,  u(z ) 
is  more  sheared  than  —  ust  (Figure  3-26).  This  “extra”  shear  increases  with  wave 
forcing  more  strongly  in  summer  than  winter,  suggesting  that  thermal  stratification, 
which  is  stronger  in  summer  than  winter,  may  play  a  role  (Figure  3-26,  lower  right 
panel). 

Thermal  wind  shear  is  a  possible  explanation  for  the  “extra”  near-surface  shear  in 
the  cross-shelf  velocity  at  the  Node  in  summer.  The  near-surface  along-shelf  density 
gradient  is  of  the  right  sign  (density  increasing  toward  the  east)  and  order  of  magni¬ 
tude  [Ap  ~  0(0.1  kg  m-3)  over  10  km]  to  produce  a  thermal  wind  shear  similar  to 
the  observed  “extra”  vertical  shear  in  the  cross-shelf  flow,  but  the  correlation  between 
d(u  +  ust)/dz  and  the  near-surface  estimate  of  g(dp/dy)/p0f  during  weak  wind  stress 
forcing  is  not  significant  at  the  95%  confidence  level  at  any  depth.  Measurements 
of  the  along-shelf  density  gradient  during  summer  2003  are  only  available  near  the 
surface,  however,  and  may  not  accurately  represent  the  near-bottom  density  gradient . 
There  is  a  close  relation  between  the  near-surface  along-shelf  temperature  and  density 
gradients  during  summer  2003,  and  the  near-bottom  along-shelf  temperature  and  den¬ 
sity  gradients  during  summer  2001  (Figure  3-27).  With  the  near-bottom  along-shelf 
temperature  gradient  as  a  proxy  for  the  near-bottom  along-shelf  density  gradient,  we 
can  test  for  thermal  wind  balance  between  d(u  +  ust)/dz  and  the  near-bottom  esti¬ 
mate  of  g(dp/dy)/p0f  during  summer  2003.  The  correlation  is  again  not  significant  at 
any  depth,  although  the  regression  slopes  are  order  1  (but  not  significantly  different 
from  zero  at  the  95%  confidence  level).  Nevertheless,  the  two  terms  are  of  the  same 
order.  The  available  data  do  not  rule  out  thermal  wind  shear  as  the  source  of  the 
“extra”  near-surface  shear,  but  do  not  clearly  support  thermal  wind  shear  either.  It 
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is  not  clear  whether  this  is  only  due  to  the  short  time  series  and  the  need  to  consider 
only  times  of  weak  wind  stress  forcing,  or  whether  thermal  wind  shear  is  actually 
not  the  source  of  the  extra  shear.  In  addition,  the  along-shelf  density  gradient  is 
significantly  correlated  with  along-shelf  wind  stress,  but  not  cross-shelf  wind  stress  or 
surface  gravity  wave  forcing  (Figure  3-29). 


3.5.6  Estimates  of  Uncertainties 

In  the  regression  analyses  reported  in  Sections  3.4  and  3.5,  the  independent  and 
dependent  variables  both  have  associated  errors.  We  use  a  nonlinear  least-squares 
regression  technique  that  incorporates  the  error  estimates  described  below  (Reed, 
1992). 


Temperature,  Conductivity,  and  Density 

A  constant  offset  of  1.13  S  m-1  was  removed  from  the  conductivity  time  series  from 
the  western  sensor  in  CBLAST  2001.  For  CBLAST  2003,  conductivity  offsets  of 
—0.239  and  —0.067  S  m-1  were  removed  from  the  time  series  at  7.5-m  depth  on  T2 
and  1-m  depth  on  Tl,  respectively;  a  linear  correction  [3. 28(yd  —  226.3776)  —  6]  x 
10-4  S  m-1  was  added  to  the  conductivity  at  9.6-m  depth  at  the  Node,  where  yd 
(yearday)  is  time  in  days  since  the  beginning  of  January  1,  2003;  and  an  offset  of 
0.09  °C  was  added  to  the  TidBiT  temperature  at  3-m  depth  on  the  second  deploy¬ 
ment  of  mooring  F.  No  substantial  temperature  or  conductivity  offsets  or  drifts  were 
evident  in  the  SWWIM  I  MicroCAT  data  or  Seagauge  temperature  data;  TidBiT 
temperature  and  drift  corrections  during  SWWIM  I  are  described  in  Appendix  B. 
Following  Lentz  et  al.  (1999),  we  estimate  the  uncertainty  in  the  density  measure¬ 
ments  to  be  5p  =  0.1  kg  m  .  The  uncertainties  in  the  cross-shelf  density  gradi¬ 
ent  term  —  (g/pof)(dp/dx)  at  a  particular  depth  is  2 (g/ p0f)(Sp/  Ax),  where  Ax  is 
the  cross-shelf  distance  used  in  the  finite  difference  approximation  to  the  gradient, 
dp/dx  «  Ap/Ax ,  and  similarly  for  the  along-shelf  gradient  over  a  distance  Ay. 
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Pressure  Gradients 


The  relative  amplitudes  of  the  best-fit  M2  tidal  variations  in  bottom  pressure  at  the 
Node,  Tl,  T2,  and  F  indicate  that  the  gain  of  the  pressure  sensor  at  the  Node  was 
likely  off  by  2%.  Therefore,  we  multiplied  the  observed  bottom  pressure  at  the  Node 
by  0.98  for  this  study.  Using  a  factor  of  0.98  or  1.00  does  not  qualitatively  change 
the  results  presented  here. 

The  estimates  that  are  possible  with  these  observations  do  not  resolve  pressure 
gradients  with  scales  smaller  than  the  separation  of  the  pressure  sensors  (10-15  km). 
Only  a  single  finite  difference  estimate  of  the  pressure  gradient  is  available  in  each 
case  (the  cross-shelf  pressure  gradient  between  T2  and  F  during  CBLAST  2003  or 
between  the  Node  and  F  during  SWWIM  I,  and  the  along-shelf  pressure  gradient 
between  Tl  and  T2  during  CBLAST  2003  or  between  a  pair  of  sensors  on  the  19-m 
isobath  during  CBLAST  2001);  we  do  not  have  information  about  how  the  pressure 
gradients  vary  in  the  cross-  or  along-shelf  direction.  The  pressure  gradient  estimates 
used  here  represent  the  spatially-averaged  pressure  gradient  between  the  two  sensors 
in  each  case,  which  is  only  an  accurate  estimate  of  the  pressure  gradient  at  each 
sensor  if  the  true  pressure  gradient  is  constant  in  space  on  10-15  km  scales.  It  is  also 
possible  that,  due  to  along-shelf  variations  in  topography,  the  estimated  “along-shelf’ 
or  “cross-shelf’  pressure  gradient  in  reality  contains  a  part  of  the  other  component  of 
the  pressure  gradient.  The  wind  direction  most  highly  correlated  with  the  along-shelf 
pressure  gradient  is  within  10°  of  the  direction  between  the  pressure  gradient  sensors 
in  both  2001  and  2003  (Section  3.4.3  and  Figure  3-1),  however,  suggesting  that  it  is 
unlikely  this  effect  dominates  the  pressure  gradient  estimates.  Following  Lentz  et  al. 
(1999),  we  estimate  the  uncertainty  in  the  bottom  pressure  gradient  terms  estimated 
from  Seagauge  pairs  as  ( 8pb/Ax)/po  with  Spb  =  20  N  m-2,  where  Ax  is  the  distance 
between  the  Seagauges  (really  Ay  for  the  along-shelf  gradients).  This  does  not  include 
pressure  gradient  uncertainty  due  to  the  difficulty  of  correctly  removing  drifts  in  the 
pressure  time  series  due  to  settling  of  the  sensors  into  the  seafloor;  improperly  removed 
trends  may  be  contributing  some  of  the  lower-frequency  variations  in  the  pressure 
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gradients  and  the  momentum  budget  residuals  in  the  bottom  panels  of  Figures  3-3, 
3-4,  and  3-10  through  3-12. 

Wind  Stress 

Following  Lentz  et  al.  (1999),  we  estimate  the  uncertainty  in  the  wind  stress  mag¬ 
nitude  as  the  root-mean-square  difference  between  the  wind  stress  magnitude  in  the 
adjusted  MVCO  shore  mast  time  series  and  in  the  ASIT  time  series  (Appendix  A). 
The  result  is  5ts  =  0.03  N  m-2,  the  same  as  Lentz  et  al.  (1999)  found  between  wind 
stress  time  series  at  locations  5  km  apart  off  North  Carolina.  The  uncertainty  in  the 
wind  stress  term  in  each  momentum  budget  equation  is  STs/(p0h).  This  uncertainty 
does  not  include  possible  errors  in  the  bulk  formula  used  to  calculate  the  wind  stress, 
although  the  Fairall  et  al.  (2003)  formula  gives  similar  results  (not  shown).  Spatial 
variations  in  the  wind  stress  are  substantial  in  the  MVCO  region  (Appendix  A),  and 
have  been  at  least  partly  compensated  in  the  adjusted  wind  stress  time  series  used 
here. 

Velocity,  Vertical  Shear,  Acceleration,  Bottom  Stress,  Coriolis,  and  Non¬ 
linear  Terms 

We  estimate  the  uncertainty  in  the  ADCP  velocities  as  5u  =  0.01  m  s-1,  which  does 
not  include  errors  in  the  velocity  components  due  to  uncertainty  in  the  coordinate 
system.  The  uncertainty  in  finite  difference  estimates  of  vertical  shear  is  28u/Az, 
where  Az  is  the  vertical  distance  between  the  two  ADCP  bins  used  in  the  finite 
difference.  Following  Lentz  et  al.  (1999),  the  uncertainty  in  the  subtidal- filtered  ac¬ 
celeration  terms  is  8u/At,  where  At  is  estimated  as  1/4  the  cutoff  period  of  the  filter, 
or  (33/4  «  8.25)  hr.  The  uncertainty  in  the  bottom  stress  term  in  each  momen¬ 
tum  equation  is  2 Cdu8u/h,  in  each  Coriolis  acceleration  is  fSu ,  and  in  the  nonlinear 
terms  is  2 u8u/L  and  (u  +  v)8u/ L  for  the  cross-  and  along-shelf  momentum  equations, 
respectively,  where  L  is  the  distance  from  that  mooring  to  shore. 
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Wave  Radiation  Stress  Gradient 


The  estimated  wave  radiation  stress  gradient  is  very  uncertain  because  the  wave 
properties  were  measured  at  only  one  location  (on  the  12-m  isobath).  There  is  no 
observational  information  about  the  amount  of  wave  energy  that  is  dissipated  as 
waves  propagate  through  this  study  area.  Lentz  et  al.  (1999)  suggest  that  a  50% 
uncertainty  in  wave  radiation  stress  gradient  is  probably  reasonable  for  their  estimate 
during  non-breaking  waves  off  North  Carolina.  Assuming  that  is  a  reasonable  estimate 
to  use  at  MVCO,  we  calculate  the  uncertainty  in  the  wave  radiation  stress  term  as 
6(dSxx /dx)/(p0h)  =  0. 5*75x1  / (p0h),  where  05 «  is  the  standard  deviation  of  the  wave 
radiation  stress  gradient  Sxx. 

3.6  Summary  and  Conclusions 

The  subtidal,  depth-average  cross-shelf  momentum  budget  at  MVCO  is  not  geo- 
strophic,  as  would  be  expected  at  mid-shelf.  Instead,  the  inner  shelf  is  a  region  where 
multiple  dynamical  balances  are  (sometimes  simultaneously)  important.  In  winter, 
the  Coriolis  term  and  cross-shelf  pressure  gradient  at  the  12-m  isobath  are  substantial, 
significantly  correlated,  and  tend  to  balance,  as  in  a  pure  geostrophic  balance  at 
mid-shelf.  At  other  times,  particularly  in  summer,  the  cross-shelf  wind  stress  and 
cross-shelf  pressure  gradient  are  positively  correlated,  consistent  with  coastal  set-up 
and  set-down  driven  by  the  cross-shelf  wind  stress.  The  estimated  momentum  flux 
divergence  due  to  shoaling  surface  gravity  waves  (the  wave  radiation  stress  gradient ) 
is  also  a  leading-order  term  in  the  budget,  but  is  not  correlated  with  the  cross-shelf 
pressure  gradient,  in  contrast  to  what  is  expected  for  set-down  due  to  shoaling  waves 
outside  the  surf  zone.  It  is  likely  that  the  pressure  gradient  due  to  wave-driven  set- 
down  occurs  over  a  spatial  scale  too  small  to  resolve  with  these  observations.  The 
wave  radiation  stress  gradient  and  cross-shelf  wind  stress  are  important  at  the  same 
time  for  onshore  winds,  and  both  will  contribute  to  making  the  cross-shelf  momentum 
balance  ageostrophic.  The  other  estimated  terms  in  the  cross-shelf  momentum  budget 
are  at  least  an  order  of  magnitude  weaker  than  the  dominant  terms.  For  example, 
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the  bottom  stress  in  the  cross-shelf  direction,  although  highly  negatively  correlated 
with  the  wind  stress  due  to  the  two-layer  nature  of  the  cross-shelf  flow  (Chapter  2), 
is  only  4%  of  the  wind  stress. 

The  along-shelf  momentum  budget  is  more  complex  than  the  cross-shelf.  No  esti¬ 
mated  term  is  negligible.  The  dominant  terms  are  wind  stress  and  pressure  gradient. 
The  bottom  stress,  acceleration,  Coriolis,  Hasselmann  wave  stress,  and  nonlinear  ad- 
vection  terms,  although  of  secondary  importance,  are  about  half  as  large  as  the  pres¬ 
sure  gradient.  This  is  in  contrast  to  the  cross-shelf  budget,  in  which  the  secondary 
terms  are  an  order  of  magnitude  smaller  than  the  three  or  four  dominant  terms.  The 
along-shelf  wind  stress  and  along-shelf  bottom  stress  are  strongly  correlated  at  the 
12-m  isobath,  but  the  bottom  stress  is  20%  of  the  wind  stress  so  they  do  not  balance. 
Instead,  the  main  balance  is  between  the  along-shelf  wind  stress  and  along-shelf  pres¬ 
sure  gradient.  The  along-shelf  pressure  gradient  is  consistent  with  a  local  sea  level 
response  to  wind  forcing,  rather  than  being  dominated  by  a  remotely  generated  pres¬ 
sure  gradient.  Adding  the  bottom  stress,  acceleration,  or  all  other  estimated  terms 
to  the  wind  stress  does  not  substantially  improve  the  comparison  with  the  pressure 
gradient,  which  may  indicate  that  some  of  the  secondary  terms  are  poorly  resolved. 
The  along-shelf  pressure  gradient  at  the  27-m  site  seems  to  be  composed  of  the  large- 
scale  (>10  km)  pressure  gradient  associated  with  along-shelf  wind  stress  and  resolved 
by  these  observations,  and  a  smaller-scale  pressure  gradient  balanced  by  the  Coriolis 
term  due  to  the  cross-shelf  depth-average  flow,  and  likely  due  to  the  narrowing  of  the 
isobaths  to  the  east. 

There  is  a  strong  relation  between  the  along-shelf  depth-average  flow  and  the 
along-shelf  wind  stress.  This  may  be  due  to  along-shelf  accelerations  caused  by  the 
time-varying  imbalance  between  wind  stress  and  along-shelf  pressure  gradient,  com¬ 
bined  with  a  bottom  stress  that  is  approximately  linearly  related  to  the  along-shelf 
subtidal  flow. 

In  the  upper  water  column,  the  vertical  shear  in  the  along-shelf  flow  is  suggestive 
of  thermal  wind  shear  due  to  the  cross-shelf  density  gradient.  Nevertheless,  the 
uncertainty  in  the  cross-shelf  density  gradient  is  large,  the  time  series  of  density 
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gradient  is  short,  and  it  is  possible  that  other  influences  on  the  vertical  shear  (e.<?., 
surface  stress  and  bottom  stress)  are  also  important.  Thermal  wind  shear  due  to 
the  along-shelf  density  gradient  is  not  ruled  out  as  a  source  of  vertical  shear  in  the 
cross-shelf  flow,  which  is  greater  than  the  shear  expected  due  to  the  Hasselmann  wave 
stress  forcing,  but  the  data  are  not  conclusive. 

The  measurements  of  along-shelf  density  gradient  available  for  this  study  were 
mainly  collected  during  summer,  when  the  wind  forcing  and  wave  forcing  are  rela¬ 
tively  weak.  Measurements  of  the  along-shelf  density  gradient  during  strong  winter 
forcing  would  likely  help  to  determine  which  secondary  terms  in  the  along-shelf  mo¬ 
mentum  budget  are  the  most  important.  Sea-level  displacements  over  horizontal 
scales  too  small  to  resolve  with  these  observations  seem  to  be  leading  to  dynamically 
important  pressure  gradients  in  both  the  along-shelf  and  cross-shelf  directions.  The 
wave  radiation  stress  gradient  and  the  amount  of  wave  dissipation  over  the  inner 
shelf  are  also  very  uncertain,  and  could  be  estimated  more  accurately  by  recording 
the  directional  wave  spectrum  at  several  sites  in  a  cross-shelf  transect.  It  will  be 
important  in  future  studies  to  measure  pressure  gradients  and  spatial  variations  in 
wave  characteristics  on  smaller  scales  than  in  this  study. 
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Figure  3-1:  Top:  location  of  detailed  map  (square  outline),  with  isobaths  in  incre¬ 
ments  of  20  m  (i.e.,  the  20-m,  40-m,  60-m...  isobaths).  Bottom:  detailed  map  of 
study  area.  Isobaths  are  labeled  in  meters.  Solid  circles:  moorings  Node  and  F,  from 
CBLAST  2003  and  SWWIM  I.  Triangles:  moorings  T1  and  T2,  deployed  during 
CBLAST  2003  only.  Open  circle:  MVCO  air-sea  interaction  tower  (ASIT).  Squares 
on  land:  MVCO  meteorological  masts.  Squares  near  20-m  isobath:  bottom  pressure 
measurements  in  2001. 
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Figure  3-2:  Upper  panels,  and  lower  left:  comparison  of  the  bottom  pressure  gradi¬ 
ent  dpb/dx  (thin  line)  to  the  density  gradient  term  (1  /h)d/dx  gpz  dz'j  (thick 

dashed)  in  the  horizontal  pressure  gradients  between  moorings  T1  and  T2  and  be¬ 
tween  moorings  T2  and  F  during  CBLAST  2003,  and  between  Node  and  F  dur¬ 
ing  SWWIM  I.  Lower  right:  comparison  of  barotropic  (thin)  and  baroclinic  (thick 
dashed)  cross-shelf  pressure  gradients  during  CBLAST  2003.  Note  different  vertical 
axis  scales. 
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Figure  3-3:  Dominant  terms  in  subtidal  cross-shelf  momentum  budget  at  the  MVCO 
Node  in  12-m  water  depth,  summer  2003. 
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Figure  3-4:  Dominant  terms  in  subtidal  cross-shelf  momentum  budget  at  the  MVCO 
Node  in  12-m  water  depth,  winter  and  spring  2004-2005. 
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Figure  3-5:  Dominant  terms  in  subtidal  cross-shelf  momentum  budget  at  mooring  F 
in  27-m  water  depth,  summer  2003. 
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Figure  3-6:  Dominant,  terms  in  subtidal  cross-shelf  momentum  budget  at  mooring  F 
in  27-m  water  depth,  winter  and  spring  2004-2005. 
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Table  3.1:  Statistics  of  terms  in  the  cross-shelf  momentum  budget  at  the  Node  and  F,  during  times  when  estimates  of  all  terms 
are  available.  Units  are  10-5  m  s-1.  The  mean  pressure  gradient  cannot  be  estimated  from  these  observations. 


Table  3.2:  Regression  slope  and  intercept  and  correlation  coefficient  r  of  various  terms  in  the  MVCO  Node  and  F  cross-shelf 
momentum  budgets  against  the  cross-shelf  pressure  gradient  term  with  zero  lag  in  winter. 
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Table  3.3:  Regression  slope  and  intercept  and  correlation  coefficient  r  of  various  terms  in  the  MVCO  Node  and  F  cross-shelf 
momentum  budgets  against  the  cross-shelf  pressure  gradient  term  with  zero  lag  in  summer. 
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Figure  3-7:  Top  panels:  test  of  geostrophic  balance  of  depth-average  along-shelf  flow 
at  (left)  Node  and  (right)  mooring  F,  during  all  times  when  estimates  of  the  cross-shelf 
pressure  gradient  are  available,  for  summer  (red)  and  winter  (blue).  Bottom  panels: 
test  of  geostrophic  balance  of  along-shelf  flow  at  12-m  depth  at  (left)  Node  and  (right) 
mooring  F  during  SWWIM  I,  when  the  density  contribution  to  the  pressure  gradient 
can  be  estimated.  Grey  dots  are  subtidal  data  plotted  every  33  hr,  which  are  a  subset 
of  the  points  that  go  into  the  bin  averages.  Black  symbols  are  bin-averaged  data  ± 
one  standard  error  of  the  mean.  Diagonal  lines  have  slope  1. 
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Figure  3-8:  (Top  left)  cross-shelf  wind  stress,  (top  right)  wave  radiation  stress  gradient 
Sxx,  (bottom  left)  wind  stress  plus  fv,  and  (bottom  right)  wind  stress  plus  Sxx  plus 
ft J,  all  versus  cross-shelf  pressure  gradient  in  summer  (red)  and  winter  (blue).  Note 
different  vertical  axis  scales  on  top  and  bottom  plots.  Diagonal  lines  have  slope  1 .  If 
the  cross-shelf  momentum  budget  closed  exactly  with  the  terms  plotted,  the  symbols 
would  lie  on  the  diagonal  line. 
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Figure  3-9:  Comparison  of  (top  left)  cross-shelf  wind  stress,  (top  right)  wave  radiation 
stress  gradient  Sxx,  and  (bottom  right)  their  sum  to  the  Coriolis  term  due  to  the 
subtidal  depth-average  along-shelf  flow  at  the  12-m  isobath.  Dashed  lines  have  slope 
±1.  In  upper  left,  black  symbols  are  during  any  wave  forcing  and  green  are  during 
weak  wave  forcing.  Restricting  to  weak  along-shelf  wind  stress  does  not  change  the 
result.  In  upper  right,  black  symbols  are  during  any  wind  forcing  and  green  are 
during  weak  along-shelf  wind  stress  (|  if  l<  0.035N  m  2).  Result  during  weak  cross¬ 
shelf  (total)  wind  stress  is  similar  to  black  (green)  symbols  in  upper  right.  Bottom  left: 
wave  radiation  stress  gradient  versus  cross-shelf  (black)  or  along-shelf  (red)  wind  stress 
term.  Red  curve  continues  similarly  outside  the  range  shown,  to  -3  and  4  N  m~2. 
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Figure  3-10:  Dominant  terms  in  subtidal  along-shelf  momentum  budget  at  the  MVCO 
Node  in  12-m  water  depth,  summer  2001. 


116 


(d)  Residual 


Figure  3-1 1 :  Dominant  terms  in  subtidal  along-shelf  momentum  budget  at  the  MVCO 
Node  in  12-m  water  depth,  summer  2003. 
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Figure  3-12:  Dominant  terms  in  subtidal  along-shelf  momentum  budget  at  mooring 
F  in  27-m  water  depth,  summer  2003. 


118 


cj  O 
M  £  . 

f :  I 

^  e  -c 
o  -a  a 

*H  02 

3  o 

o  o  g 

"3  o>  'S 

•3  *5  £ 

fa  z  - 
0^0. 

U  q;  (t 

"O  •£ 

G  £ 

3  g  S3 

S  CO  ^ 

.2  SR  co 

C/2  S 
72  £  O 

g  w  a 

I « 8 

^  £  CO 

CO  ’"^ 
u  J  -u  Qj 

^  u  p, 

-q  .S  c 


^ _ v 

lO 

V  / — v 

LO  CO 

CO  CM 

d  d 

C-t-l 

V  ✓  s  ✓ 

02 

O 

r-H 

CJ 

00  t- 

J-l 

{-. 

d  d 

C 

CJ 

7 

72 

g 

7— 1  1— 1 

lO 

1 

d  d 

O 

*— H 

-H  -H 

i  o 

-4— 

Q 

d  d 

02 

i  i 

CJ 

J-l 

02 

7^ 

.  7 

CM  CN 

02 

d  d 

a 

jo 

HH  HH 

"72 

00  CO 

d  d 

S 

s — ' 

£  s 

-4-J 

cj 

02  LO 

X5 

i— H  r— H 

C 

72 

,“H 

H 

r— 1  CO 

cc3 

o  o 

& 

o  o 

>< 

CM  CM 

119 


c/3  p 

S.  s  ^ 


o  o  o 


o  o  o 
b  b  b 


pop 

b  to  to 


pop 

b  b  b 


pop 

bo  io  b 


pop 

io  ► — 1  ► — k 


o  o  o 
b  b  b 


c/3  P 

3  £  — 


c+ 

CD 

H 

g 

r+ 

_ 

r-t- 

CD 

H 

p 

CD 

CD 

CD 

P 

CD 

'■* 

*-j 

j/3 

•-1 

■CD 

CD 

-* 

*-s 

C/3 

'* 

C/3 

C/3 

ct- 

C/3 

C/3 

"* 

p- 

P- 

b 

P 

CD 

P 

i— » 

3 

P- 

<Th 

P- 

p- 

CD 

P- 

pl 

P 

CD 

P 

CD 

P 

p- 

CD 

P- 

< 

CD 

< 

CD 

< 

P 

P 

c 

CD 

< 

o  o  o 

b  o  o 


o  o  o 
b  b  b 


pop 

to  b1  ► — k 


o  o  o 
b  b  b 


I  I  I 


Pop 

'-‘bo 


o  o  o 
b  b  b 


9?l§? 


3-1“ 
Po  O 

'e  I 

N  T1 


I 

SSI 


I 

SSI 


§1 


SR 


j*"- 


,  c/3  p 

^  £  ■— 


c/3 


o  o  o 


o  o  o 


o  o  o 


pop 

b  b  b 


poo 
bo  to  io 


pop 

b  bo  bo 


o  o  o 


C/3  P 


CD  g  £ 

•p  2  ^ 

cn 


•—  eo 

pis 

p  £2  p 


pop 

bob 


pop 

to  to  b 


i  i  i 

o  o  o 


o  o  o 


I  I  I 


poo 

bob 


o  o  o 


aisr 


3-1“ 

b 

r*  2 

e  ° 

i  §* 


SS| 


SSI 


Sh 


Ht 


«•« 


120 


Table  3.5:  Statistics  of  terms  in  the  along-shelf  momentum  budget  at  the  Node  and  F,  during  times  when  estimates  of  all  terms 
are  available.  Units  are  10-5  m  s-1.  The  mean  pressure  gradient  cannot  be  estimated  from  these  observations. 


Table  3.6:  Regression  slope  and  intercept,  and  correlation  coefficient  r,  of  various  terms  in  the  along-shelf  momentum  budget 
at  the  Node  and  F  against  the  along-shelf  pressure  gradient  term  with  zero  lag. 
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Table  3.7:  Regression  and  correlation  of  along-shelf  bottom  stress  term  rfcy/p0/i  versus 
along-shelf  wind  stress  term  rsy/p0fi  at  zero  lag. 


Node 


slope 

intercept  (10  5  m  s  x) 

corr  coef  r  (r95%) 

summer 

0.16  ±  0.03 

-0.10  ±  0.03 

0.53  (0.10) 

winter 

0.22  ±  0.01 

-0.12  ±  0.02 

0.85  (0.08) 

F 


slope 

intercept  (10  5  m  s  x) 

corr  coef  r  (r95%) 

summer 

0.10  ±  0.05 

-0.03  ±  0.03 

0.45 

(0.24) 

winter 

0.07  ±  0.02 

-0.02  ±  0.02 

0.48 

(0.19) 
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Figure  3-13:  Bottom  stress  versus  wind  stress  term  in  the  along-shelf  momentum  bud¬ 
get  at  (left)  Node  and  (right)  F.  Blue  (red)  circles  are  bin-averaged  winter  (summer) 
values.  Grey  dots  are  subtidal  data  plotted  every  33  hr,  which  are  the  points  used 
to  estimate  the  regression  slope  and  intercept  and  correlation  coefficient,  but  are  a 
subset  of  the  points  that  go  into  the  bin  averages.  Solid  line  has  slope  1 .  Thick  dashed 
line  is  a  best-fit  line  for  winter  with  95%  confidence  limits  shown  by  the  thin  dashed 
lines;  see  Table  3.7  for  slopes,  intercepts,  and  correlation  coefficients.  The  wind  and 
bottom  stress  are  significantly  correlated  at  the  95%  confidence  level  in  each  case. 
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Figure  3-14:  Comparison  of  terms  in  the  along-shelf  momentum  budget  at  the  Node. 
(Top  left)  along-shelf  wind  stress,  (top  right)  wind  stress  plus  bottom  stress,  (bottom 
left)  wind  stress  plus  bottom  stress  minus  acceleration  term,  and  (bottom  right)  the 
sum  of  all  estimated  terms  in  the  momentum  budget  except  pressure  gradient,  all 
versus  the  along-shelf  pressure  gradient.  Black  circles  are  bin-averaged  values.  Grey 
dots  are  subtidal  data  plotted  every  33  hr,  which  are  the  points  used  to  estimate 
the  regression  slope  and  intercept  and  correlation  coefficient,  but  are  a  subset  of  the 
points  that  go  into  the  bin  averages.  Solid  line  has  slope  1.  Thick  dashed  line  is  a 
best-fit  line  with  95%  confidence  limits  shown  by  thin  dashed  lines  in  each  case.  The 
correlation  in  each  plot  is  significant  at  the  95%  confidence  level  (see  Table  3.6  for 
slopes,  intercepts,  and  correlation  coefficients). 
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Figure  3-15:  Comparison  of  terms  in  the  along-shelf  momentum  budget  at  F.  (Top 
left)  along-shelf  wind  stress,  (top  right)  acceleration,  (bottom  left)  wind  stress  plus 
acceleration,  and  (bottom  right)  the  sum  of  all  estimated  terms  in  the  momentum 
budget  except  pressure  gradient  and  Coriolis,  all  versus  the  along-shelf  pressure  gra¬ 
dient.  Black  circles  are  bin-averaged  values.  Grey  dots  are  subtidal  data  plotted 
every  33  hr,  which  are  the  points  used  to  estimate  the  regression  slope  and  intercept 
and  correlation  coefficient,  but  are  a  subset  of  the  points  that  go  into  the  bin  aver¬ 
ages.  Solid  line  has  slope  1.  Thick  dashed  line  is  a  best-fit  line  with  95%  confidence 
limits  shown  by  thin  dashed  lines  in  each  case.  The  correlation  in  each  plot  is  signifi¬ 
cant  at  the  95%  confidence  level  (see  Table  3.6  for  slopes,  intercepts,  and  correlation 
coefficients). 
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Figure  3-16:  Cross-shelf  structure  of  a  cross-shelf  pressure  gradient  due  to  geostrophy 
alone.  Top  panel:  the  bathymetry  h(x)  at  MVCO  along  a  cross-shelf  section  from 
shore  to  mooring  F,  in  the  F  coordinate  system  y  direction  from  CBLAST  2003. 
Middle  panel:  the  mean  depth-average  along-shelf  velocity  v  from  Lentz  (2007a). 
Bottom  panel:  the  cross-shelf  pressure  gradient  if  the  cross-shelf  momentum  balance 
is  exactly  geostrophic,  with  dpb/dx  =  p0fv  and  v  as  in  the  middle  panel. 
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Figure  3-17:  Cross-shelf  structure  of  a  cross-shelf  pressure  gradient  due  to  cross¬ 
shelf  wind  stress  alone.  Top  panel:  the  bathymetry  h(x )  at  MVCO  along  a  cross¬ 
shelf  section  from  shore  to  mooring  F,  in  the  F  coordinate  system  y  direction  from 
CBLAST  2003.  Middle  panel:  the  cross-shelf  wind  stress  (assumed  constant  and 
offshore,  with  r*  =  0.05  N  m-3.  Bottom  panel:  the  cross-shelf  pressure  gradient  if 
the  cross-shelf  momentum  balance  is  exactly  a  wind-driven  coastal  set-down  balance, 
with  dpb/dx  =  tx /h  and  r*  as  in  the  middle  panel. 
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Figure  3-18:  Cross-shelf  structure  of  cross-shelf  pressure  gradient  due  to  wave  radia¬ 
tion  stress  gradient  alone.  Top  panel:  significant  wave  height  as  a  function  of  distance 
from  shore,  for  a  wave  propagating  directly  onshore  with  Hsig  =  2  m  at  the  12-m  iso¬ 
bath  and  period  6  s.  Middle  panel:  the  cross-shelf  structure  of  the  estimated  wave 
radiation  stress  Sxx  and  the  negative  of  its  cross-shelf  gradient  for  the  same  wave. 
Bottom  panel:  the  cross-shelf  pressure  gradient  if  the  cross-shelf  momentum  balance 
is  exactly  a  wave-driven  coastal  set-down  balance,  with  dpb/dx  =  —(dSxx/dx)/h  and 
Sxx  as  in  the  middle  panel. 
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Figure  3-19:  Cross-shelf  structure  of  sea-level  displacement  rj  due  to  (top)  geostrophy, 
(middle)  cross-shelf  wind,  or  (bottom)  wave  forcing.  Thick  line  in  each  panel:  r/ 
relative  to  its  value  at  the  8-m  isobath,  using  the  cross-shelf  pressure  gradients  from 
the  bottom  panels  of  Figures  3-16  through  3-18  and  drj/dx  =  ( dpb/dx)/p0h,  from 
the  hydrostatic  relation.  Thin  line:  the  effective  rj  profile  for  a  pressure  gradient 
estimate  when  dpb  (or  77)  is  measured  at  the  Node  and  mooring  F  only.  Dashed  line: 
a  least-squares  fit  to  77  near  the  Node  (between  1.2  and  1.6  km  from  shore). 
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Figure  3-20:  Bottom  stress  versus  wind  stress  term  in  the  cross-shelf  momentum 
budget.  Blue  (red)  circles  are  bin-averaged  winter  (summer)  values.  Grey  dots  are 
subtidal  data  plotted  every  33  hr,  which  are  the  points  used  to  estimate  the  regression 
slope  and  intercept  and  correlation  coefficient,  but  are  a  subset  of  the  points  that 
go  into  the  bin  averages.  Thick  dashed  line  is  a  best-fit  line  for  winter  with  95% 
confidence  limits  shown  by  the  thin  dashed  lines,  and  has  slope  —0.04  ±  0.02  and 
intercept  (—0.006  ±  0.003)  x  10-5  m  s-2.  The  two  terms  are  significantly  correlated 
at  the  95%  confidence  level  in  both  seasons,  with  r  =  —0.75  (|r95%|  =  0.08)  in  winter 
and  r  =  —0.70  (|r95%|  =  0.09)  in  summer. 
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Figure  3-21:  Depth-average  along-shelf  flow  v  versus  along-shelf  wind  stress.  Blue 
circles  are  bin-averaged  values.  Grey  dots  are  subtidal  data  plotted  every  33  hr,  which 
are  the  points  used  to  estimate  the  regression  slope  and  intercept  and  correlation 
coefficient,  but  are  a  subset  of  the  points  that  go  into  the  bin  averages.  Thick  dashed 
line  is  a  best-fit  line  with  95%  confidence  limits  shown  by  the  thin  dashed  lines,  and 
has  slope  0.86  ±  0.04  m  s-1  (N  m~2)-1  and  intercept  (—0.054  ±  0.002)  m  s-1.  The 
two  terms  are  significantly  correlated  at  the  95%  confidence  level,  with  r  =  0.83 

(|r95%|  =  0.06). 
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Figure  3-22:  Determination  of  best-fit  linear  bottom  drag  coefficient  rj,  for  subtidal 
along-shelf  flow,  for  a  drag  law  of  the  form  ry  =  porpU.  Bottom  stress  divided  by 
reference  density,  ry/p0,  is  plotted  versus  depth-average  along-shelf  flow  v.  Grey 
dots  are  subtidal  data  plotted  every  33  hr,  which  are  the  points  used  to  estimate 
the  regression  slope  and  intercept  and  correlation  coefficient.  Thick  dashed  line  is  a 
best-fit  line  with  95%  confidence  limits  shown  by  the  thin  dashed  lines,  and  has  slope 
ff,  equal  to  (3. 16  ±0.06)  x  10~4  m  s-1  and  intercept  (0.02  ±0.02)  x  10-4  m2  s-2.  The 
two  quantities  plotted  are  significantly  correlated  at  the  95%  confidence  level,  with 
r  =  0.95  (|r95%|  =0.06). 
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Figure  3-23:  33-hr  low-pass  filtered  depth-average  along-shelf  flow  v  in  (top)  2001  and 
(bottom)  2003.  Red:  observed  at  the  12-m  isobath  (Node).  Blue:  predicted  from  the 
observed  along-shelf  wind  stress  and  pressure  gradient  following  Lentz  et  al.  (1999), 
using  the  linear  bottom  drag  coefficient  r  from  Figure  3-22  and  Eq.  (3.45). 
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Figure  3-24:  Modeled  depth-average  along-shelf  flow  vp  (Figure  3-23)  versus  along- 
shelf  wind  stress.  Blue  circles  are  bin-averaged  values.  Grey  dots  are  subtidal  data 
plotted  every  33  hr,  which  are  the  points  used  to  estimate  the  regression  slope  and 
intercept  and  correlation  coefficient,  but  are  a  subset  of  the  points  that  go  into  the 
bin  averages.  Thick  dashed  line  is  a  best-fit  line  with  95%  confidence  limits  shown 
by  the  thin  dashed  lines,  and  has  slope  2.4  ±  0.5  m  s-1  (N  m-2)-1  and  intercept 
(0.01  ±0.02)  m  s-1.  The  two  terms  are  significantly  correlated  at  the  95%  confidence 
level,  with  r  =  0.78  (|r95%|  =  0.23). 
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against  —  g(dp/dx)/ p^f ,  and  the  correlation  coefficient  of  those  terms,  are  shown  for  each  mooring.  Solid  (open)  symbols  show 
depths  where  the  correlation  is  (is  not)  significant  at  the  95%  confidence  level.  Dashed  lines  in  left  panels  indicate  slope  =  1. 
Dash-dot  lines  in  right-hand  panels  indicate  minimum  significant  correlation  coefficient.  If  the  shear  were  exactly  in  thermal 
wind  balance,  the  data  in  the  left-hand  panels  would  fie  on  the  dashed  line  and  in  the  middle  panels  would  lie  on  the  zero  line. 
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Figure  3-26:  (Left)  cross-shelf  velocity  difference  A u  between  near-surface  and  near¬ 
bottom  ADCP  bins,  and  (right)  velocity  difference  including  Stokes’  drift,  A(u  +  ust), 
at  the  Node,  bin-averaged  as  a  function  of  wave  forcing  in  (top)  winter  and  (bottom) 
summer,  during  times  when  wind  stress  was  weak.  In  both  winter  and  summer  there 
is  a  “background”  shear  flow  during  small  wave  forcing  that  cannot  be  accounted  for 
by  the  balance  u  =  —ust  (right  panels);  the  near-surface  flow  is  more  offshore  than 
the  near-bottom  flow.  The  “extra”  shear  in  the  cross-shelf  flow  is  greater  in  summer 
than  winter  and  increases  with  wave  forcing  (right  panels). 
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Figure  3-27:  Comparison  of  along-shelf  gradients  of  density  and  temperature,  (blue) 
near  bottom  during  2001  and  (red)  near  surface  during  2003.  Red  and  blue  lines 
are  best  least-squares  fits  with  95%  confidence  intervals  shown  by  dashed  lines.  Red 
and  blue  dots  are  bin-averaged  values.  Grey  dots  are  subtidal  data  plotted  every 
33  hr,  which  are  the  points  used  to  estimate  the  regression  slopes  and  intercepts  and 
correlation  coefficients,  but  are  a  subset  of  the  points  that  go  into  the  bin  averages. 
The  vertical  offset  in  the  2001  (blue)  data  is  due  to  an  uncertain  conductivity  offset; 
the  2001  data  are  only  presented  to  show  that  the  correlation  between  temperature 
and  density  is  high  near  bottom  as  well  as  near  the  surface,  and  that  the  slopes  are 
similar.  The  correlation  is  r  =  —0.94  (r9 5%  =  0.28)  in  2001  and  r  =  —0.93  (r9 5%  = 
0.24)  in  2003.  The  slope  is  — 0.30±0.03  in  2001  and  — 0.29±0.03  in  2003.  The  intercept 
is  (-0.26  ±  .04)  kg  m-3  (10  km)-1  in  2001  and  (-0.05  ±  0.04)  kg  nr3  (10  km)-1  in 
2003. 
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Figure  3-28:  Near-surface  versus  near-bottom  along-shelf  temperature  gradient  during 
CBLAST  2003.  Black  symbols  are  bin-averaged  values.  Grey  dots  are  subtidal  data 
plotted  every  33  hr,  which  are  the  points  used  to  estimate  correlation  coefficient,  but 
are  a  subset  of  the  points  that  go  into  the  bin  averages.  Diagonal  line  has  slope  1. 
The  20-day  low-pass  filtered  time  series  of  near-surface  and  near-bottom  temperature 
have  been  subtracted  from  the  data  shown,  so  the  variables  plotted  here  are  subtidal 
departures  from  the  (roughly)  20-day  mean.  The  correlation  is  r  =  0.35  (r9 5%  =  0.27). 
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the  correlation  is  (barely)  significant. 
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Chapter  4 


A  Heat  Budget  for  the  Inner 
Continental  Shelf 


This  Chapter  was  prepared  as  a  manuscript  for  future  submission  to  Journal  of  Phys¬ 
ical  Oceanography  or  Journal  of  Geophysical  Research ,  Oceans.  The  authors  are 
Melanie  Fewings  and  Steven  Lentz.  Appendices  B-D  are  part  of  this  manuscript. 


4.1  Introduction 

The  continental  shelf  waters  of  the  Middle  Atlantic  Bight  off  the  nort  heastern  United 
States  display  a  strong  seasonal  variation  in  temperature  (Bigelow,  1933;  Fuglister, 
1947;  Ketchum  et.  ah,  1951;  Beardsley  and  Flagg,  1976;  Wright  and  Parker,  1976: 
Mayer  et  ah,  1979:  Beardsley  and  Boicourt.,  1981;  Han  and  Niedrauer,  1981;  Beardsley 
et  ah,  1985;  Linder  and  Gawarkiewicz,  1998;  Lentz  et  ah,  2003b;  Mountain,  2003; 
Shearman  and  Lentz,  2003,  and  others).  In  winter  the  water  temperature  is  near  the 
freezing  point,  and  in  summer  the  near-surface  temperature  exceeds  20°  C  (Figure  4- 
1).  The  rise  in  water  temperature  in  spring  and  summer  over  the  middle  and  outer 
shelf  is  consistent  with  a  local  response  to  surface  heating  (e.g.,  Austin,  1999;  Flagg 
et  ah,  2002;  Lentz  et  ah,  2003a, b).  Over  the  inner  shelf  (water  depth  less  than  ~30  m), 
however,  the  water  does  not  warm  as  much  as  expected  for  a  balance  between  surface 
heating  and  change  in  local  heat  content  (Figure  4-2).  Apparently,  advective  transport 
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of  heat  cools  the  inner  shelf  in  summer.  The  focus  of  this  study  is  on  that  advective 
heat  flux,  which  seems  to  control  the  temperature  of  the  inner  shelf  waters  on  time 
scales  of  months  but  has  previously  been  difficult  to  distinguish  because  it  is  masked 
by  strong  variability  on  time  scales  of  days  ( e.g Austin,  1999). 

On  the  West  Coast  of  North  America,  cross-shelf  advection  of  heat  is  an  important 
cooling  mechanism  for  the  shelf  waters  on  long  time  scales  in  summer,  due  to  the 
prevailing  upwelling-favorable  wind  stress  (Halliwell  and  Allen,  1987;  Strub  et  ah, 
1987)  and  the  resulting  persistent  coastal  upwelling  circulation  (e.g.,  Lentz,  1987; 
Lentz  and  Chapman,  1989;  Bryden  et  ah,  1980;  Dever  and  Lentz,  1994).  In  contrast, 
the  wind  stress  in  the  Middle  Atlantic  Bight  does  not  have  a  strong  mean  and  the 
winds  are  generally  weak  in  summer  (Saunders,  1977;  Lentz,  2007b),  so  the  upwelling 
circulation  at  mid-shelf  is  weak  in  the  Middle  Atlantic  Bight  compared  to  on  the  West 
Coast. 

On  time  scales  of  weeks  to  months,  persistent  advective  cooling  in  water  depths 
less  than  ~25  m  has  never  been  directly  observed  in  summer  over  the  New  England 
Shelf.  Episodic  upwelling  events  do  lead  to  advective  cooling  of  the  inner  shelf  off  New 
Jersey  (Kohut  et  al.,  2004)  and  North  Carolina  (Austin,  1999)  on  time  scales  of  days 
and  could  produce  a  mean  advective  cooling  over  a  time  period  of  weeks.  Figure  4-2 
implies  persistent  advective  cooling  throughout  the  summer  for  the  northern  Middle 
Atlantic  Bight,  and  the  same  was  inferred  off  Virginia  by  comparing  the  surface  heat 
flux  and  observed  heat  content  (Bignami  and  Hopkins,  2003).  A  numerical  modeling 
study  of  the  summer  2002  heat  budget  in  the  northern  Middle  Atlantic  Bight  also 
demonstrated  that  the  increase  in  water  temperature  on  the  inner  shelf  was  smaller 
than  expected  from  surface  heating  alone  and  that  an  advective  heat  flux  divergence 
cooled  the  inner  shelf  (Wilkin,  2006),  in  agreement  with  Figure  4-2. 

On  shorter  time  scales  (days  to  weeks),  advective  transport  of  heat  is  important 
both  over  the  inner  shelf  and  at  mid-shelf.  Cross-shelf  and  along-shelf  advective  heat 
flux  divergences  are  important  in  the  synoptic  heat  budget  in  the  Middle  Atlantic 
Bight  (Austin,  1999),  in  the  South  Atlantic  Bight  (Atkinson  et  ah,  1989),  and  off 
northern  California  (Lentz,  1987;  Lentz  and  Chapman,  1989;  Dever  and  Lentz,  1994). 
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In  those  studies,  the  cross-shelf  advective  heat  flux  was  mainly  driven  by  along-shelf 
wind  stress  forcing,  through  coastal  upwelling  and  downwelling  circulations.  Other 
mechanisms  can  also  be  important  for  driving  a  cross-shelf  heat  flux.  In  the  South 
Atlantic  Bight,  when  the  Gulf  Stream  interacts  with  the  continental  shelf  it  can  drive 
cross-shelf  heat  transport  across  the  shelf  break  (Atkinson  et  al.,  1989);  the  inner 
continental  shelf  is  typically  spatially  far  removed  from  the  shelf  break,  however,  so 
we  do  not  expect  cross-shelf  heat  transport  over  the  Middle  Atlantic  Bight  inner  shelf 
to  be  strongly  influenced  by  the  open  ocean  circulation. 

Recently,  a  substantial  cross-shelf  circulation  driven  by  surface  gravity  waves  has 
been  observed  over  the  inner  shelf,  outside  the  surf  zone  (Appendix  E).  That  wave- 
driven  circulation  is  equal  to  or  greater  than  the  Stokes’  drift  velocity  (Stokes,  1847), 
but  opposite  in  direction.  The  strength  of  the  wave-driven  circulation  suggests  that  it. 
and  also  the  heat  transport  associated  with  Stokes’  drift,  may  be  important  contrib¬ 
utors  to  the  advective  heat  flux  over  the  inner  shelf.  In  the  heat  budgets  presented 
below,  we  include  the  effect  of  Stokes’  drift,  which  has  been  neglected  in  previous 
studies. 

We  consider  the  heat  balance  of  a  New  England  inner  shelf  (water  depths  12  m 
and  27  m)  on  synoptic  and  monthly  time  scales.  To  determine  the  relative  importance 
of  along-shelf  and  cross-shelf  heat  flux  divergences  when  the  inner-shelf  heat  balance 
departs  from  a  one-dimensional  balance,  we  estimate  terms  in  the  three-dimensional 
heat  budget.  We  observe  that  the  cross-shelf  advective  heat  flux  divergence  is  the 
dominant  cooling  mechanism  in  12  m  and  27  m  water  on  time  scales  of  weeks  to 
months  throughout  the  summer  and  that  Stokes’  drift  due  to  surface  gravity  waves 
contribute  substantially  to  that  heat  flux. 


4.2  Data 

From  2001  through  2007,  the  near-bottom  temperature  and  the  velocity  throughout 
the  water  column  were  measured  on  the  12-m  isobath  near  Martha’s  Vineyard,  on 
the  inner  continental  shelf  of  the  northeastern  United  States  (Figure  4-3).  During 
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summer/fall  2003  and  winter/spring  2004-2005,  water  temperature  and  velocity  were 
measured  at  several  depths  throughout  the  water  column  on  the  12-m  and  27-m 
isobaths. 

4.2.1  2001-2007:  MVCO 

At  the  Martha’s  Vineyard  Coastal  Observatory  (MVCO)  (Figure  4-3),  measurements 
of  wind  speed  and  direction,  air  temperature  and  pressure,  relative  humidity,  in¬ 
coming  shortwave  and  longwave  radiation,  water  velocity  and  temperature,  and  bot¬ 
tom  pressure  have  been  collected  since  2001  (Austin  et  ah,  2002).  Descriptions  of 
the  instruments  and  data  are  available  at  http://www.whoi.edu/mvco.  We  used  the 
wind  velocity  measured  12.5  m  above  sea  level  on  meteorological  masts  at  41°21.0’N, 
70°31.6’W  and  41°21.72’N,  70°31.35’W  on  Martha’s  Vineyard  to  calculate  wind  stress 
from  the  Smith  (1988)  bulk  formula.  The  wind  stress  and  wind  velocity  values  have 
been  linearly  adjusted  to  match  the  shorter  time  series  of  wind  measurements  at  the 
air-sea  interaction  tower  (ASIT),  to  better  represent  the  wind  stress  over  the  water; 
the  details  of  the  wind  stress  adjustments  are  described  in  Chapter  2.  The  water 
velocity  and  near-bottom  temperature  and  pressure  are  measured  at  an  underwater 
node  site  (Node)  on  the  12-m  isobath,  1.5  km  from  shore  at  41°20.2’N,  70°33.39’W,  by 
a  bottom-mounted  acoustic  Doppler  current  profiler  (ADCP)  and  temperature  and 
pressure  sensors.  All  the  MVCO  Node  instruments  are  connected  to  shore  by  under¬ 
water  power  and  fiber-optic  data  transmission  cables.  This  capability  for  continuous 
data  transmission  to  shore  enables  the  water  velocity  to  be  recorded  at  2  Hz  for  long 
periods  of  time,  so  the  dominant  surface  waves  are  resolved  throughout  the  time  se¬ 
ries.  The  20-min  averaged  data  used  here  extend  from  19  June  2001  to  10  May  2007, 
although  there  are  several  gaps  of  at  least  one  month  in  length.  The  ADCP  is  a 
1200-kHz  RDI  Workhorse  Monitor  and  records  water  velocity  in  0.5-m  bins,  from 
2  =  —9.5  m  to  2  =  —2.0  m,  where  z  =  0  is  the  mean  water  level  and  z  is  positive 
upward.  The  dominant  wave  characteristics  were  calculated  from  the  ADCP  and 
bottom  pressure  data  as  described  at  www.whoi.edu/mvco.  The  water  velocity  data 
were  de-t.ided  with  T_TIDE  (Pawlowicz  et  al.,  2002)  and  low-pass  filtered  with  a  half- 
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amplitude  cutoff  of  33  hr-1  (Flagg  et  al.,  1976;  Limeburner  et  al.,  1983).  The  wind 
stress,  surface  heat  flux,  wave  parameters,  and  water  temperature  data  were  low-pass 
filtered  similarly.  More  details  of  the  data  processing  for  the  MVCO  time  series  can 
be  found  in  Chapter  2. 

4.2.2  Summer  and  Fall  2003:  CBLAST 

During  the  2003  field  season  of  the  Coupled  Boundary  Layers  Air-Sea  Transfer  exper¬ 
iment  (CBLAST),  Low-Wind  Component,  numerous  surface  moorings  were  deployed 
in  the  MVCO  area  and  extending  farther  offshore  (Edson  et  al.,  2007).  Here,  we  use 
water  temperature  data  from  mooring  F  on  the  27-m  isobath  (Figure  4-3;  Table  4.1). 

Additional  moorings  were  deployed  to  measure  temperature  throughout  the  water 
column  near  the  Node  and  along-shelf  east  (Tl,  41°19.55’N,  70°43.34’W)  and  west 
(T2,  41°19.22’N,  70°31.85’W)  of  the  Node  on  the  15-m  isobath  (Figure  4-3;  Table  4.1). 
A  second  deployment  at  site  F  was  carried  out  following  CBLAST  2003,  through 
17  October  2003.  Instrument  depths  and  deployment  dates  are  given  in  Table  4.1.  A 
bottom-mounted  ADCP  was  deployed  near  mooring  F  and  recorded  1-min  velocity 
averages. 

All  the  CBLAST  2003  and  supplementary  instruments  used  here  had  faster  than 
20-min  sample  rates.  The  data  have  been  averaged  onto  a  20-min  interval  time  base 
to  match  the  MVCO  online  data,  and  then  low-pass  filtered  in  the  same  way  as  the 
MVCO  data. 

4.2.3  Winter  and  Spring  2004-2005:  SWWIM  I 

To  supplement  the  MVCO  water  velocity  and  bottom  temperature  measurements 
during  winter,  the  first  Stratification,  Wind,  and  Waves  on  the  Inner  shelf  at  MVCO 
field  program  (SWWIM  I)  was  carried  out  from  7  December  2004  to  23  May  2005. 
Moored  temperature  sensors  were  deployed  approximately  150  m  west  of  the  MVCO 
Node,  at  41°20.22’N,  70°33.50’W.  The  instruments  were  Sea-Bird  Electronics  SBE- 
37  MicroCATs  and  Onset  Computer  Corporation  StowAway  TidbiT  Temperature 
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Loggers  (Table  4.2). 

In  addition,  during  SWWIM  I  a  bottom-mounted  600-kHz  RDI  Workhorse  ADCP 
and  moored  temperature  sensors  were  deployed  on  the  27-m  isobath  at  site  F  (same  lo¬ 
cation  as  CBLAST  2003  site  F;  Figure  4-3,  Table  4.2).  The  ADCP  was  at  41°15.22’N, 
70°35.84’W  and  the  temperature  mooring  was  at  41°15.27’N,  70°35.77’W,  130  m 
southeast  of  the  ADCP.  A  Sea-Bird  Electronics  SBE  26 plus  Seagauge  Wave  and  Tide 
Recorder  was  mounted  on  the  ADCP  tripod  to  measure  temperature  and  pressure  at 
27-m  depth.  The  ADCP  had  0.5-m  bins  from  z  =  —24.5  m  to  2  =  —3.0  m. 

The  MicroCATs  sampled  temperature  every  2.5  min,  the  TidbiTs  recorded  tem¬ 
perature  every  10  min,  and  the  Seagauge  recorded  temperature  and  average  pressure 
every  20  min.  The  ADCP  in  27-m  water  depth  recorded  velocity  every  20  min  by 
pinging  at  2  Hz  for  5  minutes  (to  conserve  battery  power,  avoid  aliasing  the  surface 
waves,  and  average  over  many  wave  periods).  All  the  SWWIM  I  data  were  averaged 
onto  a  20-min  interval  time  base  to  match  the  MVCO  online  data,  and  then  low-pass 
filtered  in  the  same  way  as  the  MVCO  data.  The  TidbiT  temperatures  have  been 
adjusted  based  on  the  MicroCAT  temperatures  as  described  in  Appendix  B. 

4.2.4  The  Composite  Year 

We  do  not  have  measurements  of  temperature  throughout  the  water  column  that 
extend  for  a  full  year.  Instead,  in  some  of  the  following  sections  we  construct  a 
composite  year  from  the  SWWIM  I  and  CBLAST  2003  data  by  first  plotting  the 
latter  part  of  the  SWWIM  I  data  (January  through  May),  then  the  CBLAST  2003 
data  (July  through  October),  followed  by  the  first  part  of  SWWIM  I  (December  to 
January  1). 

The  near-bottom  water  temperature  at  MVCO  and  the  external  forcing  conditions 
(air  temperature,  relative  humidity,  wind  stress,  solar  and  infrared  radiation,  and  wave 
height)  on  time  scales  of  weeks  to  months  during  CBLAST  2003  and  SWWIM  I  (black 
lines)  were  generally  within  the  envelope  of  all  other  observations  at  MVCO  during 
2001-2007  (grey  shaded  areas  in  Figures  4-1,  4-6,  and  4-7).  Therefore,  we  assume 
the  water-column  temperatures  measured  during  CBLAST  2003  and  SWWIM  I  are 
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representative  of  a  typical  year  at  MVCO. 


4.3  Methods 

4.3.1  Coordinate  System 

At  each  mooring  location,  the  water  velocity  u  =  ( u ,  v,  w)  and  the  wind  stress  r,  = 
(r*,  rf,  0)  are  rotated  into  a  local  coordinate  system,  with  x  positive  offshore  and  y 
positive  along-shelf  eastward  (Figure  4-3).  The  along-  and  cross-shelf  directions  are 
defined  according  to  the  principal  axes  of  the  subtidal  depth-averaged  flow  when  waves 
are  small  (Appendix  E).  The  resulting  along-shelf  direction,  measured  clockwise 
from  due  east,  is  5.5°  at  the  Node,  and  20°  and  11°  at  F  during  CBLAST  2003  and 
SWWIM  I  respectively.  The  difference  in  principal  axis  directions  during  the  two 
deployments  at  F  is  likely  due  to  uncertainty  in  the  compass  calibrations  during  the 
two  ADCP  deployments. 

4.3.2  Time  Scales 

We  consider  variations  in  water  temperature  and  circulation  and  surface  heat  flux  on 
three  time  scales:  high-frequency,  synoptic,  and  low-frequency.  Here,  high-frequency 
fluctuations  have  time  scales  from  20  min  (the  sampling  period  of  the  data)  to  ~33  hr 
and  include  tidal  variability.  Synoptic  fluctuations  have  time  scales  from  ~  33  hr  to 
a  few  days  and  include  “weather-band”  variability.  Low-frequency  fluctuations  have 
time  scales  of  a  few  days  to  months.  We  isolate  the  high-frequency  from  the  synoptic 
and  low-frequency  fluctuations  with  a  33-hr  filter  (Section  4.2.1),  and  isolate  the 
synoptic  and  low-frequency  fluctuations  from  each  other  with  a  7-  or  10-day  filter  of 
the  same  form. 
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4.3.3  1-D  Heat  Budget:  No  Advection 


The  temperature  balance  equation  at  a  point  (x,  y ,  2),  neglecting  advection  and  lateral 
diffusion  of  heat,  is 

dT(x,y,z,t)=  J_d_  dT 

dt  p0cp  dz  dz  ^ 

where  T  is  water  temperature,  t  is  time,  p0  =  1025  kg  m-3  is  a  reference  density  of 
seawater,  cp  is  the  specific  heat  capacity  of  seawater  (4010  J  kg-1  °C_1),  and  Kt  is 
the  turbulent  vertical  diffusivity.  The  surface  heat  flux,  including  penetrating  solar 
radiation,  is  incorporated  in  the  term  for  vertical  turbulent  mixing  of  temperature. 
Vertical  integration  with  the  boundary  conditions 


dT 

dz 


=  Qs 


2=0 


(4.2) 


=  0  (4.3) 

where  Qs  is  the  net  surface  heat  flux  gives  a  prediction  for  the  change  in  depth-average 
temperature  (T)  with  time: 

?S1  =  _«!_  (4,4) 

dt  poCph, 

where 

CO-i/r*  (4.5) 

and  h  is  water  depth.  See  Section  4.3.5  for  discussion  of  the  validity  of  Eq.  (4.3). 


If  the  temperature  balance  is  one-dimensional  (i.e.,  no  dependence  on  horizontal 
position),  then  from  Eq.  (4.4),  the  change  in  depth-average  water  temperature  over 
time  at  a  water  depth  h  is  determined  solely  by  the  surface  heat  flux: 

A(T>  =  -L.  f  Q.Mdtt  (4.6) 

PoCpn  J 0 

where  A (T)(t)  =  ( T)(t )—  (T)|t=0.  Eq.  4.6  with  Qs  =  140  W  m-2  was  used  to  produce 
the  predicted  curve  in  Figure  4-2. 
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4.3.4  3-D  Heat  Budget  Equation  with  Advection  for  a  Wedge 


with  Waves 


We  define  the  observed  area-average  temperature  of  the  wedge  onshore  of  a  mooring 
at  x  =  L  as 

((T))  =  \j  J  Tdzdx  (4.7) 

where  h,(x)  is  water  depth  and  A  is  the  area  of  the  wedge.  The  three-dimensional 
temperature  balance  equation  for  the  wedge,  including  wave-driven  heat  fluxes,  is 
derived  in  Section  D.3  and  is 


d_ 

dt 


ff 


T  dzdx  + 


+ 


J  (u  +  ust)Td 


x=L 


uH2si  sin  6wdT 

F{z)G(z) 


16 


dz 


+ 


fjH'L,  sin  6W 
16c 


(T  -  (OOul  dx  =  (4.8) 

)  Jo  PoCp 


where  ust  is  the  x  component  of  the  Stokes’  drift  velocity  [Eq.  (D.40)],  T  is  the 
depth-varying  part  of  the  temperature  profile,  (T)  is  the  depth-average  temperature 
(so  that  T  =  ( T )  +  T),  {T)i  is  the  depth-average  temperature  at  x  =  L,  uj  is  the 
angular  frequency  of  the  dominant  waves,  HSig  is  the  significant  wave  height,  6W  is 
the  direction  in  which  the  dominant  waves  are  propagating  (measured  counterclock¬ 
wise  from  the  positive  x  direction),  G(z )  and  F(z)  are  vertical  structure  functions 
[Eqs.  (D.5)  and  (D.7)],  g  is  the  acceleration  due  to  gravity,  and  c  is  the  phase  speed 
of  the  dominant  waves.  Waves  propagating  directly  onshore  have  6W  =  180°. 


We  can  write  Eq.  (4.8)  as  an  expression  for  the  time  rate  of  change  of  (( T ))  due 
to  surface,  cross-shelf,  and  along-shelf  heat  fluxes: 


((T))t  =  — l—  (Hs  +  Hxs  +  Has )  (4.9) 

p0cpA 

where  the  subscript  t  represents  a  partial  derivative  with  respect  to  time,  and  the  H 
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variables  are  heat  fluxes  into  the  wedge,  per  unit  along-shelf  length  (units  W  m  J): 


Hs 


(4.10) 


is  due  to  surface  heating, 


Hxs  =  -p0Cp  f  ( u  +  ust)T  dz 
J-h 


x=L 


(4.11) 


is  due  to  cross-shelf  heat  flux  divergence,  which  we  decompose  into 


HSrc  =  -Pity  f  UT  <& 


(4.12) 


due  to  the  (depth-varying  part  of  the)  cross-shelf  circulation  observed  by  the  ADCP, 


and 


H waves  =  Pocp  f  UstT  dz 

J-h 


x=L 


due  to  the  Stokes’  drift  associated  with  surface  gravity  waves,  so  that 


(4.13) 


ms  Hxs  -U  Hxs 

11  11 tire  '  n  waves 


(4.14) 


and 


Has  =  -p0Cp 


f 


d_ 

dy 


0  r  frr  /rr\  \  sin  ewdT  ; 

v{T-  (T)l) - y— - —F(z)G(z) 


h  L 


+ 


16  dz 

9Hsig  sin  0 


dz 


16c 


(r-(r)t)|„0|  dx  (4.i5) 


is  due  to  divergence  of  the  along-shelf  heat  flux.  The  first  term  in  the  vertical  integral 
in  Eq.  (4.15)  represents  advection  of  the  along-shelf  temperature  field,  and  leads  to  an 
along-shelf  heat  flux  divergence  (via  the  d/dy  in  front  of  the  vertical  integral)  when 
there  is  an  along-shelf  temperature  gradient  or  a  divergence  in  the  along-shelf  flow. 
The  two  terms  involving  wave  variables  are  only  nonzero  if  the  waves  are  not  propa¬ 
gating  directly  onshore  or  offshore,  and  represent  along-shelf  heat  flux  divergence  due 
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to  along-shelf  variations  in  wave  properties  or  water  temperature. 


4.3.5  2-D,  2-Layer  Model 


We  compare  the  observed  temperature  variation  on  time  scales  of  weeks  at  the  Node 
in  summer  with  a  two-dimensional  two-layer  model  in  which  there  is  a  steady  balance 
between  the  surface  heat  flux  and  the  cross-shelf  heat  flux,  and  dT/dt  and  Has  are 
small.  Then  T  is  always  in  steady  state,  but  the  steady  state  slowly  evolves  due  to 
the  seasonal  variations  of  surface  heat  flux,  cross-shelf  heat  flux,  and  vertical  mixing. 


In  the  model,  there  is  a  flat  bottom  at  depth  z  =  —h,  a  coastline  at  x  =  0,  and  a 
mooring  at  x  =  L  (Figure  4-4).  The  interface  between  the  layers  is  at  a  fixed  depth 
2  =  —d.  The  cross-shelf  circulation  is  constant  in  x  and  z  within  each  layer,  except 
for  a  thin  region  near  the  coast  (0  <  x  <  e  where  e«f)  where  the  cross-shelf  velocity 
goes  to  zero  in  each  layer  and  upwelling  occurs.  The  circulation  is  two-dimensional 
(uniform  in  the  along-shelf  direction),  so  d/dy  =  0.  Then  the  temperature  balance 
Eq.  (D.15)  becomes 


djyr)  d  (wT)  d  d T 

dx  dz  dz  T  dz 


(4.16) 


where  Kt(x,  z,  t)  is  the  turbulent  diffusivity  of  heat.  With  a  coastal  boundary  con¬ 
dition  of  no  net  cross-shelf  flow, 


udz  =  0 


(4.17) 


the  two  layers  must  have  equal  and  opposite  volume  transports.  We  define  the  mag¬ 
nitude  of  those  transports  as  £/0: 


u  =  for  —  d  <  z  <  0 
d 


U()  c  i  , 

u  -  —  - - -  lor  —  h  <  z  <  —d, 

h  —  d 


(4.18) 

(4.19) 
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The  water  temperature  is  constant  in  2  within  each  layer: 

T  =  Ti  for  —  d  <  z  <  0  (4.20) 

T  =  Ti  for  —  h  <  z  <  —d  (4-21) 

but  can  vary  with  offshore  distance.  Using  a  rigid-lid  approximation  and  assuming 
no  heat  flux  through  the  bottom,  we  apply  the  boundary  conditions 


H*=o  =  0 


(4.22) 


w\z=-h  =  0 


dT 

Kt~Fz 

er 

OZ 


_  Qs_ 

;=0  P()CP 


=  0 


(4.23) 

(4.24) 

(4.25) 


z=—h 


See  the  end  of  this  section  for  discussion  of  the  surface  and  bottom  boundary  condi¬ 
tions.  We  define  an  interfacial  diffusivit.y  such  that 


Kt 


dT 

dz 


=  K* 


z——d 


(4.26) 


Note  that  K^/h  can  also  be  thought  of  as  an  entrainment  velocity  we  across  the  layer 
interface: 

=  we  (T,  -  T2)  (4.27) 

z=—d 

For  x  >  e  a  vertical  integral  of  Eq.  (4.16)  over  the  surface  layer  gives 


u^=^r-^T'-T^  <4-28> 

and  over  the  bottom  layer  gives 

O/TJ 

- Uo =  we  C T !  -  T2)  (4.29) 
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If  we  define  the  vertical  temperature  stratification  in  the  model  as 


AT  =  Ti  -  T2 


(4.30) 


then  adding  Eq.  (4.28)  and  Eq.  (4.29)  yields 


TT  dAT  Qs 

u°~5 —  = - 

ox  p0cp 


(4.31) 


Assuming  the  surface  heat  flux  Qs  is  constant  in  the  cross-shelf  direct  ion,  and  sett  ing 
T\  =  T2  or  AT  =  0  at  x  =  t  «  0,  the  temperature  stratification  as  a  function  of 
cross-shelf  position  in  the  model  is 


AT  = 


Q  s  % 
PoCp  To 


(4.32) 


The  vertical  temperature  stratification  AT  does  not  depend  on  the  vertical  difi'usivity 
(or  entrainment  velocity)  in  this  model.  In  steady  state,  the  net  heat  flux  into  the 
volume  onshore  of  any  location  x  must  be  zero.  Therefore,  AT  adjusts  so  that  the 
total  cross-shelf  advective  heat  flux  p0cpUoAT/x  balances  the  surface  heat  flux  Qs 
at  every  location  x  independent  of  the  entrainment  velocity  (as  in  Eq.  (4.32)).  The 
steady-state  AT  is  determined  by  the  surface  heat  flux  and  the  cross-shelf  circulation. 
Only  the  depth-average  temperature  (T)  depends  on  the  entrainment  velocity. 

The  depth-average  temperature  is 


(T)=l-[T,d  +  T2(h-d)\ 


(4.33) 


Combining  Eq.  (4.28)  and  Eq.  (4.29),  the  cross-shelf  temperature  structure  is  given 
by 


d(T)  _  Qs  1  ^d  _We  \ 
dx  ~  p0CpU0\h  UoX) 

The  cross-shelf  temperature  gradient  in  the  model  is  positive  near  shore: 


d(T) 

dx 


>  0 


for 


U0d 

x  <  — r 
we  n 
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(4.35) 


The  surface  and  bottom  boundary  conditions  used  in  the  model  (no  penetrating 
radiation,  and  no  heat  flux  through  the  bottom)  require  some  justification.  The  two- 
layer  model  assumes  all  the  surface  heat  flux  is  absorbed  within  the  top  layer.  In 
reality,  some  of  the  solar  radiation  does  penetrate  into  the  lower  half  of  the  water 
column.  To  estimate  the  fraction  of  solar  radiation  remaining  in  the  water  column 
7//0  as  a  function  of  depth  at  MVCO,  we  use  the  Paulson  and  Simpson  (1977)  double 
exponential  formula  I /I0  =  Re2^1  +(1  —  R)ez^2  with  the  coefficients  for  Jerlov  (1968) 
coastal  water  Type  III:  R  =  0.78,  Ci  =  1-4  m,  and  C2  =  7.9  m.  Predictions  from  this 
formula  compared  well  to  observations  at  ~  4  m  depth  on  the  15-m  isobath  near 
MVCO  in  summer  2003  ( personal  communication,  G.  Gerbi).  Based  on  the  observed 
mean  values  of  net  surface  heat  flux  Qs  and  net  solar  radiation  at  the  surface  from 
August  2003,  and  with  I / /0  =  0.125  for  a  layer  interface  depth  of  2  =  —5.5  m,  about 
17%  of  the  surface  heat  flux  penetrates  into  the  lower  layer.  We  neglect  this  when 
comparing  the  two-layer  model  with  observations. 

The  two-layer  model,  and  the  calculations  of  terms  in  the  observed  heat  budget, 
assume  all  of  the  shortwave  radiation  is  absorbed  within  the  water  column  and  no 
solar  energy  reaches  the  bottom  [Eq.  (D.23)].  Using  the  Paulson  and  Simpson  (1977) 
formula  and  August  observed  heat  fluxes,  only  7%  of  the  net  surface  heat  flux  pene¬ 
trates  to  the  bottom  at  the  Node,  so  this  is  a  reasonable  assumption.  We  also  neglect 
conductive  heat  transfer  into  the  bottom. 


4.4  Results 

4.4.1  Observed  Annual  Cycle  of  Temperature 

Water  temperature  in  the  MVCO  area  shows  a  pronounced  annual  cycle,  with  a  max¬ 
imum  near-surface  temperature  of  23.6°C  at  F  during  CBLAST  2003,  and  a  minimum 
temperature  of  — 1.2°C  at  the  Node  during  SWWIM  I  (Figure  4-1).  During  the  six 
years  2001-2007,  the  near-bottom  water  temperature  at  the  MVCO  Node  ranged  from 
—  1.8°C  to  21.6°C.  Synoptic  variations  (variations  on  time  scales  of  a  few  days)  about 
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the  seasonal  cycle  are  an  order  of  magnitude  smaller  than  the  seasonal  cycle  itself: 
the  standard  deviation  of  synoptic  variations  in  near-bottom  water  temperature  at 
MVCO  (time  scales  >  33  hr)  relative  to  the  10-day  low-pass  filtered  temperature  is 
only  0.3°C,  and  the  variations  have  a  maximum  of  1.2°C  and  a  minimum  of  — 2.2°C, 
whereas  the  seasonal  variation  in  depth-average  temperature  is  15-20°C  at  both  sites. 

The  vertical  temperature  stratification  also  has  a  strong  seasonal  cycle  (Figure  4- 
5,  top).  The  thermal  stratification  reached  a  maximum  of  0.3°C  m-1  in  August  2003 
at  both  Node  and  F,  although  the  thermal  stratification  was  generally  stronger  at 
F  than  at  the  Node  in  late  summer  (August  and  early  September).  In  winter,  the 
temperature  stratification  at  the  Node  is  often  negative  (coldest  water  near  the  sur¬ 
face)  on  synoptic  time  scales:  during  December  2004  through  February  2005  the 
thermal  stratification  reached  a  minimum  of  — 0.03°C  in-1.  The  (negative)  tempera¬ 
ture  stratification  at  F  was  weaker  than  at  the  Node  in  winter.  In  both  summer  and 
winter,  the  synoptic  variations  in  temperature  stratification  are  substantial  at  the 
Node  and  F;  the  inner  shelf  can  go  from  unstratified  to  relatively  strongly  stratified 
(>  2°C  difference  over  the  water  column)  within  a  couple  of  days,  for  example  during 
September  2003  (Figure  4-5,  top). 

The  cross-shelf  temperature  difference  between  the  12-m  and  27-m  isobaths  (sep¬ 
arated  by  ~10  km)  also  varies  between  summer  and  winter,  although  not  as  consis¬ 
tently  as  the  stratification  or  the  absolute  temperature.  Generally,  the  depth-average 
temperature  at  the  Node  is  warmer  than  the  depth-average  temperature  in  the  top 
12  m  at  F  in  summer,  and  colder  in  winter  (Figure  4-5,  bottom),  so  that  the  cross-shelf 
temperature  gradient  in  the  upper  water  column  is  positive  in  winter  and  negative 
in  summer.  The  cross-shelf  temperature  difference  displays  substantial  synoptic  vari¬ 
ability,  however,  and  occasionally  changes  sign  in  both  summer  (August)  and  late 
winter  (January-March). 

4.4.2  Surface  Heat  Flux 

At  MVCO,  the  net  surface  heat  flux  is  on  average  positive  (ocean  warming)  on  syn¬ 
optic  and  longer  time  scales  from  mid-March  through  the  end  of  September,  and 
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negative  (ocean  cooling)  from  October  through  mid-March  (Figure  4-6a).  The  pro¬ 
nounced  seasonal  cycle  in  net  surface  heat  flux,  with  maximum  heating  in  June  and 
July,  is  partly  due  to  the  seasonal  cycle  in  solar  radiation  (Figure  4-6b).  The  long¬ 
wave,  evaporative,  and  sensible  components  of  the  surface  heat  flux  are  an  order  of 
magnitude  smaller  than  the  shortwave  heat  flux  in  summer,  and  comparable  in  size 
to  the  shortwave  heat  flux  in  winter,  but  are  almost  always  negative  (ocean  cooling; 
Figure  4-6c,d).  Evaporative  cooling  is  strongest  in  late  fall  when  the  water  is  still 
relatively  warm  but  there  are  large  wind  stress  events  that  bring  cold  dry  air  off  the 
continent,  and  weakest  in  summer  when  the  wind  stress  is  small  and  atmospheric 
relative  humidity  is  high  (Figures  4-6d  and  4-7).  The  sensible  heat  loss  is  largest  in 
winter  because  the  water  is  warm  compared  to  the  cold  air  that  blows  off  the  conti¬ 
nent  during  the  passage  of  synoptic  weather  systems  (Figure  4-6e).  In  late  summer 
when  the  water  is  colder  than  the  air  on  average,  the  sensible  heat  flux  warms  the 
ocean  but  its  magnitude  is  much  smaller  than  in  winter.  These  results  are  consistent 
with  previous  studies  of  surface  heat  flux  in  the  Middle  Atlantic  Bight  (Bunker,  1976; 
Joyce,  1987;  Austin  and  Lentz,  1999),  over  nearby  Georges  Bank  (Beardsley  et  ah, 
2003),  and  in  the  Gulf  of  Maine  (Mountain  et  ah,  1996). 

4.4.3  Heat  Budget  on  Synoptic  Time  Scales 

In  this  section,  we  consider  variations  in  water  temperature  on  time  scales  of  a  few 
days,  the  time  scales  associated  with  synoptic  weather  systems.  Seasonal  variations 
in  temperature  (with  time  scales  of  weeks  to  months)  are  considered  in  Section  4.4.4. 
To  determine  whether  the  variations  in  water  temperature  on  time  scales  of  days 
described  in  Section  4.4.1  can  be  explained  by  the  observed  surface  heating  and 
advective  heat  flux  divergences,  we  compare  the  terms  in  Eq.  (4.9)  (Figure  4-8).  We 
also  compared  the  local  temperature  change  and  surface  heating  terms  in  Eq.  (4.4); 
the  results  for  the  relation  between  water  temperature  and  surface  heating  for  that 
1-D  analysis  are  similar  to  the  results  presented  here  for  the  wedge-shaped  volume. 

Onshore  of  the  Node  in  summer,  the  surface  (red)  and  cross-shelf  (green)  heat 
fluxes  and  the  changes  in  local  heat  content  (blue)  are  all  of  similar  size  (Figure  4-8, 
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upper  left).  The  part  of  the  along-shelf  heat  flux  divergence  we  can  estimate  (black 
line)  is  smaller  than  the  other  terms  but  not  negligible.  Onshore  of  the  Node  in  winter, 
the  surface  heat  flux  and  change  in  local  heat  content  have  a  tendency  to  balance 
and  the  cross-shelf  heat  flux  is  relatively  small  on  synoptic  time  scales  (Figure  4-8, 
upper  right).  On  longer  time  scales  onshore  of  the  Node,  there  is  a  tendency  for  the 
surface  and  cross-shelf  heat  fluxes  to  balance  in  summer;  that  balance  is  discussed  in 
Section  4.4.4. 

Onshore  of  F  in  summer,  the  surface  heat  flux  is  less  important  than  the  cross¬ 
shelf  heat  flux  and  changes  in  heat  content,  which  are  both  large  terms  but  do  not 
balance  (Figure  4-8,  lower  left).  Onshore  of  F  in  winter,  the  cross-shelf  heat  flux  is 
negligible  and  changes  in  local  heat  content  are  large  compared  to  the  surface  heat 
flux  term  (Figure  4-8,  lower  right).  The  residual  in  the  synoptic  heat  budget  (not 
shown)  is  large  in  both  seasons  at  both  mooring  locations  and  probably  indicates  that 
divergence  of  the  along-shelf  heat  flux  is  important. 

The  surface  heat  flux  variations  are  more  substantial  compared  to  the  variations 
in  local  heat  content  onshore  of  the  Node  than  onshore  of  F,  because  the  water  is 
twice  as  shallow  at  the  Node  so  the  influence  of  the  surface  heating  is  larger.  There 
is  a  significant  correlation  between  local  temperature  changes  and  surface  heating  at 
both  sites,  however  (Table  4.3).  The  correlation  is  stronger  at.  the  Node  than  at  F 
and  during  stratified  than  unstratified  times.  Still,  the  local  heat  content  at  both 
Node  and  F  varies  far  more  (twice  as  much  at  the  Node,  and  four  times  as  much 
at  F)  on  synoptic  time  scales  than  can  be  accounted  for  by  the  surface  heat  flux 
alone,  as  measured  by  the  standard  deviations  of  those  terms  on  subtidal  time  scales 
(Table  4.3). 

When  the  temperature  stratification  is  small,  the  synoptic  heat  budget  at  the  Node 
is  closer  to  a  1-D  balance  (between  surface  heating  and  local  temperature  change) 
than  when  the  temperature  stratification  is  strong.  When  the  temperature  differ¬ 
ence  between  the  near-surface  and  near-bottom  instruments  at  the  Node  is  less  than 
0.2°C.  about  70%  of  the  synoptic  variation  in  water  temperature  at  the  Node  can 
be  explained  by  the  surface  heat  flux  (r2  =  0.68  in  Table  4.3).  In  contrast,  during 
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stratified  times  at  the  Node  and  all  times  at  F,  the  surface  heating  fluctuations  are 
only  large  enough  to  explain  35-60%  of  the  synoptic  variation  in  water  temperature. 

To  determine  whether  the  part  of  the  synoptic  variance  in  water  temperature  that 
is  not  explained  by  surface  heating  [~  30%  (40%)  at  the  Node  (F)  in  winter,  and 
~50%  (65%)  at  the  Node  (F)  in  summer]  can  be  explained  by  cross-shelf  advection 
of  heat,  we  compare  the  left-hand  side  of  Eq.  (4.9)  with  the  first  two  terms  on  the 
right-hand  side  of  Eq.  (4.9). 

During  unstratified  conditions  (when  the  cross-shelf  heat  flux  is  expected  to  be 
small  because  the  temperature  is  vertically  uniform),  synoptic  variations  in  surface 
heat  flux  together  with  cross-shelf  heat  flux  explain  no  more  of  the  variance  in  water 
volume  heating  than  is  explained  by  the  surface  heat  flux  alone,  at  either  site  (see  r2 
columns  in  Table  4.3).  During  stratified  conditions,  however,  the  surface  and  cross¬ 
shelf  heat  fluxes  together  explain  20-25%  more  of  the  variance  than  does  the  surface 
heat  flux  alone  (Table  4.3). 

About  30%  of  the  variance  in  water  temperature  on  time  scales  of  days  at  the 
Node,  and  40-45%  at  F,  remains  unexplained  by  our  surface  and  cross-shelf  heat  flux 
estimates.  Although  some  of  that  variance  is  probably  due  to  errors  in  our  estimates 
of  the  heat  budget  terms,  the  unexplained  variance  in  the  synoptic  heat  balance  likely 
indicates  that  the  along-shelf  heat  flux  divergence  is  an  important  contribution  to  the 
heat  budget  on  time  scales  of  days  in  both  summer  and  winter  (Figure  4-8).  We  can 
estimate  part  of  the  along-shelf  heat  flux  divergence  at  the  Node  in  summer 
and  that  term  is  nearly  as  large  as  the  surface  heat  flux. 

In  a  heat  budget  on  the  North  Carolina  inner  shelf,  the  net  surface  heat  flux  and 
the  along-shelf  wind  stress  were  strongly  positively  correlated,  due  to  the  northwest- 
southeast  orientation  of  the  coastline,  and  the  usually  northeastward  passage  of  syn¬ 
optic  weather  systems  (Austin,  1999).  Also,  the  along-shelf  heat  flux  was  driven  by 
the  along-shelf  wind  stress  through  coastal  upwelling  and  downwelling  on  time  scales 
of  days.  As  a  result,  there  was  a  correlation  between  the  surface  heat  flux  and  the 
along-shelf  heat  flux  on  synoptic  time  scales.  In  contrast,  at  MVCO  where  the  coast¬ 
line  runs  east-west,  the  net  surface  heat  flux  and  along-shelf  wind  stress  are  only 
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weakly  correlated,  with  a  positive  correlation  in  summer  and  negative  in  winter  (Ta¬ 
ble  4.4).  The  cross-shelf  wind  stress  and  surface  heat  flux  are  negatively  correlated 
in  both  summer  and  winter. 

During  winter,  the  unstable  temperature  stratification  on  the  inner  shelf  (Sec¬ 
tion  4.4.1)  leads  to  advective  warming  of  the  inner  shelf  when  the  cross-shelf  circula¬ 
tion  is  upwelling.  For  example,  in  February  2005,  with  the  exception  of  two  synoptic 
events  the  subtidal  cross-shelf  velocity  u + u3t  in  the  upper  half  of  the  water  column  at 
the  Node  was  always  positive  (upwelling)  (Figure  4-9,  top).  During  the  same  period, 
the  temperature  stratification  was  nearly  always  inverted  (coldest  water  near  the  sur¬ 
face;  Figure  4-9,  middle).  As  a  result,  the  cross-shelf  heat  flux  was  warming  the  inner 
shelf  during  the  upwelling  circulation  (Figure  4-9,  bottom).  The  temperature  differ¬ 
ence  between  near-surface  and  bottom  and  the  cross-shelf  heat  flux  at  the  Node  were 
significantly  correlated,  with  r2  -  0.37  (r2  >  0.20  is  significant  at  the  95%  confidence 
level),  and  the  cross-shelf  heat  flux  was  of  the  same  order  as  the  other  terms  in  the 
heat  budget  during  February  (see  green  line  in  upper  left  panel  of  Figure  4-8,  and 
compare  to  surface  heat  flux  in  bottom  panel  of  Figure  4-9). 

The  observed  temperature  inversion  in  winter  (Figure  4-5,  top)  is  consistent  with 
previous  observations  of  inverted  temperature  stratification  in  winter  over  large  areas 
of  the  Middle  Atlantic  Bight  continental  shelf,  including  southwest  of  Martha’s  Vine¬ 
yard  ( e.g .  Bigelow,  1933).  The  observed  temperature  inversion  cannot  be  sustained 
by  pressure  effects;  the  potential  temperature  is  also  inverted.  The  inverted  temper¬ 
ature  stratification  was  confirmed  by  the  surface  and  bottom  MicroCAT  instruments 
(Table  4.2)  so  it  is  not  an  artifact  of  the  adjustments  made  to  the  TidBiT  temper¬ 
atures  (Appendix  B).  The  inverted  temperature  stratification  is  consistent  with  the 
presence  of  fresh  water  near  the  surface  that  stabilizes  the  density  stratification  in 
winter.  We  do  not  have  measurements  of  the  salinity  stratification  at  the  Node  in 
winter,  but  we  can  calculate  an  upper  bound  on  the  vertical  mixing  in  order  for  the 
inverted  temperature  stratification  to  be  sustained  without  a  compensating  salinity 
stratification,  as  follows.  Since  the  actual  estimated  vertical  mixing  is  large  compared 
to  that  upper  bound,  the  temperature  inversion  is  too  large  to  be  simply  the  result 
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of  strong  surface  cooling. 


If  the  surface  heat  loss  is  turbulently  transferred  to  depth  so  there  is  a  1-D  tem¬ 
perature  balance 
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then  integrating  vertically  with  the  surface  boundary  condition  KTdT/dz\z=0  = 
Qs/poCp  gives 
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If  we  assume  the  temperature  stratification  is  constant  horizontally  and  in  time,  the 
temperature  profile  is 

T(z,  t )  =  Ts(t)  +  Sz  (4.38) 

where  Ts  is  the  sea-surface  temperature  and  S  =  dT/dz  is  a  constant.  The  time  rate 
of  change  of  temperature  is  then  independent  of  z: 
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Evaluating  the  above  equation  at  2  =  —  h  by  assuming  no  heat  flux  into  the  bottom 
(KTdT/dz\z=_h  =  0)  gives 
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which,  combined  with  Eq.  (4.41),  yields 
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Integrating  vertically  gives 


dr(K  s  Qs 
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(4.44) 


where  (AY)  is  the  vertically  averaged  turbulent  diffusivity.  Then  for  typical  Febru¬ 
ary  2005  values  of  dT/dz  ~  (— 0.1°C)/(11  m)  and  Qs  ~  -100  W  m~2,  the  turbulent 
vertical  diffusivity  should  be  no  larger  than  (AY)  ~  O  (10~3)  m2  s_1  if  the  observed 
temperature  gradient  is  sustained  by  surface  cooling.  The  K  profile  parameterization 
(Large  et  al.,  1994)  predicts  AY  ~  O  (10_1)  m2  s-1  for  the  observed  forcing,  however, 
and  direct  covariance  estimates  in  the  MVCO  area  in  October  2003  indicated  AY  was 
approximately  twice  as  large  on  average  as  the  K  profile  parameterization  estimates 
(Gerbi  et  al.,  under  revision).  Another  indication  that  the  temperature  inversions  in 
February  are  not  due  to  surface  cooling  but  likely  due  to  freshwater  near  the  surface 
stabilizing  the  density  stratification  is  that  the  net  surface  heat  flux  was  positive  dur¬ 
ing  the  first  half  of  February  2005,  while  the  temperature  was  colder  near  the  surface 
than  the  bottom  (Figure  4-9,  middle  and  bottom  panels). 


4.4.4  Heat  Budget  on  Seasonal  Time  Scales 

Seasonal  1-D  Heat  Budget:  No  Advection 

The  time-integrated  heat  budgets  at  the  Node  and  F  both  indicate  that  the  heat  bal¬ 
ance  is  far  from  1-D  during  summer  on  this  inner  shelf  (Figure  4-10).  The  observed 
temperature  in  summer  at  each  mooring  (blue  lines)  does  not  rise  as  rapidly  as  would 
be  expected  from  the  accumulated  surface  heating  (red  lines):  the  temperature  in¬ 
creases  only  1/3  to  2/3  as  much  from  spring  (March)  to  summer  as  expected  due  to 
the  surface  heat  flux.  This  suggests  advective  cooling  of  the  inner  shelf  is  important 
during  spring  and  summer.  The  imbalance  between  accumulated  surface  heating  and 
observed  temperature  (indicated  by  a  difference  in  slope  between  the  red  and  blue 
curves)  develops  earlier  at  the  Node,  where  it  begins  in  April,  than  at  F  where  it  does 
not  clearly  begin  until  August. 

The  nearly  constant  observed  water  temperature  during  August  and  September 
(when  the  accumulated  surface  heating  reaches  its  maximum)  at  both  the  Node  (12-m 
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water  depth)  and  F  (27-m  water  depth)  is  not  due  to  the  near-surface  water  approach¬ 
ing  radiative  equilibrium  with  the  atmosphere.  The  observed  net  surface  heat  flux 
remained  positive  throughout  August  and  September,  rather  than  approaching  zero 
as  if  the  ocean  and  atmosphere  were  in  thermal  equilibrium.  Also,  a  calculation  of 
the  net  surface  heat  flux  as  a  function  of  sea-surface  temperature  using  the  mean 
observed  air  temperature  and  pressure,  relative  humidity,  incoming  shortwave  and 
longwave  radiation,  and  wind  speed  during  August  with  the  Fairall  et  al.  (2003)  bulk 
algorithms  indicates  the  sea-surface  temperature  must  reach  27° C  before  the  net  sur¬ 
face  heat  flux  becomes  zero.  The  observed  near-surface  temperature  does  not  exceed 
22°C. 

In  winter  at  the  Node  the  water  does  not  cool  quite  as  much  as  expected  from  the 
accumulated  surface  heat  loss  (if  the  red  and  blue  lines  were  aligned  at  the  beginning  of 
the  December  deployment,  the  red  line  would  reach  a  lower  value  than  the  blue  during 
February-March),  apparently  indicating  some  advective  warming  of  the  inner  shelf  in 
winter.  At  F  during  winter,  the  accumulated  surface  cooling  and  local  temperature 
change  roughly  balance,  indicating  an  approximately  one-dimensional  heat  balance 
as  in  Eq.  (4.6)  (Figure  4-10)  except  in  February  and  March,  when  the  water  cools  and 
then  heats  more  rapidly  than  can  be  explained  by  the  surface  heat  flux.  Advective 
transport  of  heat  seems  to  be  important  at  F  during  those  mid-winter  events. 

Seasonal  Heat  Budget  with  Advection 

The  1-D  heat  budget  in  Section  4.4.4  indicates  advective  heat  flux  divergence  is 
important  for  cooling  the  inner  shelf  on  time  scales  of  weeks  to  months  in  summer. 
To  determine  whether  the  advective  heat  flux  terms  we  can  estimate  from  observations 
account  for  the  observed  cooling,  we  consider  the  time  integral  of  Eq.  (4.9)  (Figure  4- 
11).  Because  we  do  not  have  measurements  of  the  terms  in  Eq.  (4.9)  for  the  entire 
year,  the  correct  vertical  locations  of  the  time-integrated  surface  (red)  and  cross-shelf 
(green)  heat  flux  curves  in  Figure  4-11  are  unknown;  only  the  slopes  have  meaning 
because  the  integration  constants  for  the  time  integrals  of  Hs  and  Hxs  are  unknown  for 
each  mooring  deployment.  The  red  and  green  curves  have  been  positioned  vertically 
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to  best  illustrate  whether  or  not  the  observed  slope  of  the  accumulated  cross-shelf  or 
surface  heat  input  to  the  volume  agrees  with  the  slope  necessary  to  close  the  heat 
budget.  We  aligned  the  red  and  green  curves  with  the  blue  observed  temperature  at 
the  beginning  of  the  deployment  for  CBLAST  2003,  and  on  March  11  for  SWWIM  I. 
when  the  transition  to  consistent  surface  heating  (spring/summer  conditions,  with 
Hs  >  0  on  time  scales  of  days  and  longer)  happened  for  2005. 

In  summer,  the  observed  change  in  water  temperature  is  very  small  compared  to 
the  surface  heat  input;  at  the  Node,  the  water  actually  cools  slightly  in  August  and 
September,  and  at  F  the  temperature  is  nearly  constant,  while  the  surface  heating 
continues  to  accumulate  (compare  slope  of  red  curve  with  slope  of  blue  curve  in 
summer,  Figure  4-11,  left  panels;  if  the  heat  budgets  were  1-D  the  slopes  would  be 
equal).  The  observed  cross-shelf  heat  input  (green)  at  both  the  Node  and  F  in  summer 
is  strikingly  similar  to  the  heat  input  needed  to  close  the  heat  balance,  so  that  the  sum 
of  the  surface  and  cross-shelf  heat  fluxes  is  close  to  the  observed  temperature  change 
and  the  residual  heat  input  needed  to  close  the  budget  (black)  after  accounting  for 
surface  and  cross-shelf  heat  fluxes  is  relatively  small.  This  indicates  the  summer  heat 
budgets  at  the  Node  and  F  are  nearly  two-dimensional,  with  surface  heating  Hs  and 
cross-shelf  advection  of  heat  Hxa  roughly  balancing  each  other  (Figure  4-12,  top).  The 
accumulated  heat  due  to  Hs  and  the  heat  loss  due  to  Hxs  are  5-7  times  as  large  as  the 
equivalent  change  in  local  water  temperature  from  the  beginning  of  CBLAST  2003  to 
the  beginning  of  October,  when  the  seasonal  breakdown  in  temperature  stratification 
occurs  (Figure  4-11,  left).  The  thick  green  and  red  curves  are  almost  mirror  images  of 
each  other  during  August  through  October:  the  cross-shelf  heat  flux  seems  to  adjust 
to  oppose  the  surface  heat  flux  on  time  scales  of  weeks  and  longer. 

The  approximate  balance  between  surface  heating  and  cross-shelf  advective  cool¬ 
ing  suggests  that  the  along-shelf  heat  flux  divergence  Has  (Eq.  (4.15))  is  a  relatively 
small  term  on  time  scales  of  weeks  to  months  in  summer  at  the  Node  and  at  F.  Sup¬ 
porting  that  idea,  the  part  of  the  along-shelf  heat  flux  that  we  can  calculate  from  the 
observations,  (Eq.  (C.2))  which  is  due  to  advection  of  the  along-shelf  tempera¬ 
ture  gradient,  is  small  compared  to  the  cross-shelf  heat  flux  on  long  time  scales  at  the 
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Node  (light  blue  line  in  upper  left  of  Figure  4-11).  H^v  is  a  relatively  crude  estimate 
of  the  advective  part  of  the  along-shelf  heat  flux  divergence,  so  we  do  not  include  it 
directly  in  the  budget  but  simply  plot  it  for  the  Node  in  summer  (the  only  case  in 
which  we  can  estimate  it)  to  show  its  approximate  size. 

From  December  through  mid-March  at  the  Node,  the  water  cooled  less  than  ex¬ 
pected  from  the  surface  cooling,  and  from  mid-March  through  May,  the  water  warmed 
less  than  expected  from  the  surface  heating  (Figure  4-11,  upper  right).  The  cross¬ 
shelf  heat  flux  divergence  (green)  has  the  right  sign  to  help  close  the  heat  budget  in 
both  cases  (it  warms  the  inner  shelf  in  December  through  February,  and  cools  the 
inner  shelf  in  mid-March  through  the  end  of  the  deployment,  as  in  mid-summer  dur¬ 
ing  CBLAST  2003)  although  its  magnitude  is  too  small.  The  accumulated  residual 
(black)  is  comparable  to  the  cross-shelf  heat  flux,  and  small  compared  to  the  surface 
heat  flux.  Throughout  the  SWWIM  I  deployment,  the  time-integrated  heat  budget 
for  the  volume  onshore  of  F  is  to  first  order  a  one-dimensional  balance  between  the 
accumulated  surface  heat  flux  and  the  change  in  water  temperature,  consistent  with 
the  1-D  budgets  in  Section  4.4.4  (Figure  4-11,  lower  right,  and  Figure  4-12,  bottom). 
The  cross-shelf  heat  fluxes  at  the  Node  and  F  in  winter  are  small  compared  to  the 
surface  heat  flux  in  spite  of  strong  wind  stress  and  wave  forcing,  because  the  vertical 
temperature  stratification  over  the  inner  shelf  is  small.  In  agreement  with  the  1-D 
budget  and  the  CBLAST  2003  summer  budget  (Figure  4-11,  upper  left),  beginning 
in  April  soon  after  the  surface  heat  flux  becomes  positive  on  time  scales  of  days  to 
weeks,  there  is  a  growing  discrepancy  between  the  accumulated  surface  heating  (red) 
in  summer  and  the  change  in  volume- average  water  temperature  (( T ))  (blue)  at  the 
Node. 

Decomposition  of  Seasonal  Cross-Shelf  Heat  Transport 

To  determine  what  time  scales  of  evolution  of  the  cross-shelf  circulation  and  the 
temperature  stratification  contribute  to  the  cross-shelf  heat  flux  (on  time  scales  of 
~  1  week  and  longer),  we  decompose  the  cross-shelf  heat  flux  into  the  parts  due  to 
the  time-mean  circulation  and  temperature  profile  over  each  deployment,  the  synoptic 
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(time  scale  >  33  hrs)  fluctuations  in  the  circulation  and  temperature  profiles,  and  the 
“high-frequency”  (time  scale  <  33  hrs)  fluctuations  in  the  circulation  and  temperature 
(each  of  which,  if  the  fluctuations  are  correlated,  could  lead  to  a  time-mean  cross-shelf 
heat  flux). 

The  time-mean  cross-shelf  velocity  profiles  u  and  u  +  ust  at  the  Node  and  F  during 
CBLAST  2003  and  the  Node  during  SWWIM  I  were  offshore  near  the  surface  and 
onshore  lower  in  the  water  column.  During  CBLAST  2003  at  F,  the  velocity  was 
more  strongly  offshore  near  the  surface  than  the  bottom  (Figure  4-13).  The  mean 
temperature  profile  was  positively  stratified  at  both  Node  and  F,  more  strongly  in 
summer  than  winter.  As  a  result,  warmer  surface  water  was  carried  offshore  and 
replaced  with  cooler  near-bottom  water.  Therefore,  the  mean  circulation  at  the  Node 
resulted  in  an  offshore  heat  flux  Hxs  [Eq.  (4.11)]  (Figure  4-14  upper  panels,  dark  blue), 
even  taking  into  account  Hxsaves,  which  is  onshore  because  ust  <  0  [Eq.  (4.13)].  At  F, 
the  cross-shelf  heat  flux  due  to  the  mean  circulation  was  offshore  during  SWWIM  I 
and  likely  also  offshore  during  CBLAST  2003  (Figure  4-14  lower  panels,  dark  blue) 
although  the  cross-shelf  flow  at  mid-depths  is  sensitive  to  uncertainty  in  the  coordinate 
system  during  the  summer  deployment,  due  to  the  strongly  vertically  sheared  along- 
shelf  flow  during  summer  (not  shown). 

At.  the  Node,  the  cross-shelf  heat  flux  due  to  the  time-mean  flow  accounts  for 
about  2/3  of  the  total  cross-shelf  heat  flux  during  CBLAST  2003  (Figure  4-14,  top 
left;  compare  dark  blue  and  green  lines).  The  remainder  of  the  heat  flux  is  mostly  due 
to  “high-frequency”  motions  with  time  scales  shorter  than  33  hrs  (red),  which  includes 
some  contribution  from  tides  (light  blue);  correlated  fluctuations  of  u  +  usl  and  T  on 
subtidal  time  scales  (longer  than  33  hrs,  black)  are  a  small  contribution.  The  time- 
mean  flow  at  the  Node  in  summer  does  not  seem  to  be  wind-driven,  unless  the  response 
to  cross-shelf  wind  forcing  is  not  symmetric  in  the  direction  of  the  wind  stress.  The 
mean  cross-shelf  wind  stress  was  weakly  onshore  during  CBLAST  2003  (Table  4.5), 
opposite  from  the  direction  that  would  cause  the  observed  mean  circulation;  the  mean 
along-shelf  wind  stress  was  weakly  upwelling-favorable,  consistent  with  the  form  of 
the  observed  circulation,  but  the  circulation  at  the  Node  is  not  driven  by  the  along- 
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shelf  wind  (Chapter  2).  The  parts  of  the  cross-shelf  heat  fluxes  Hxs  and  H^rc  that  are 
due  to  correlated  velocity  and  temperature  fluctuations  with  time  scales  between  6  hr 
and  33  hr  (i.e.,  “high-frequency”  fluctuations)  are  significantly  correlated  with  the 
cross-shelf  wind  stress  when  the  temperature  difference  between  the  near-surface  and 
near-bottom  instruments  at  the  Node  is  greater  than  1.8  °C,  but  are  not  correlated 
with  the  along-shelf  wind  stress  or  the  surface  gravity  wave  forcing.  The  correlation 
of  Hxs  with  cross-shelf  wind  stress  is  negative  and  reaches  r  =  —0.80  (|r95%|  =  0.55) 
or  stronger.  This  is  consistent  with  the  cross-shelf  circulation  that  contributes  to 
Hxfrc  being  mainly  driven  by  the  cross-shelf  wind  stress  (Chapter  2),  and  with  a  short 
set-up  time  for  wind-driven  cross-shelf  circulation  on  the  inner  shelf  (so  that  wind- 
driven  motions  contribute  to  the  “high-frequency”  heat  flux).  The  negative  sign  of 
the  correlation  indicates  cooling  of  the  inner  shelf  when  the  wind  blows  from  land 
to  sea,  moving  warm  surface  water  offshore  to  be  replaced  by  colder  near-bottom 
water.  Although  the  tidal  contribution  to  Hxs  estimated  by  T_TIDE  (light  blue  in 
Figure  4-14,  top  left)  may  be  an  underestimate  if  substantial  baroclinic.  tidal  motions 
are  present  but  not  exactly  in  phase  with  the  barotropic  tides,  the  tide  appears  to 
contribute  only  half  the  “high-frequency”  cross-shelf  heat  flux  divergence,  with  the 
remainder  driven  by  the  cross-shelf  wind  stress. 

In  contrast  to  the  Node,  although  there  is  a  large  uncertainty  in  the  cross-shelf  heat 
flux  due  to  the  mean  circulation  at  F,  the  total  cross-shelf  heat  flux  Hxs  at  F  during 
CBLAST  is  between  half  and  entirely  due  to  the  correlated  subtidal  fluctuations 
of  u  +  ust  and  T  (Figure  4-14,  bottom  left,  compare  black  and  green  lines).  The 
“high-frequency”  (red)  motions  at  F  are  a  small  contribution  to  Hxs.  When  the 
temperature  difference  between  the  near-surface  and  near-bottom  instruments  at  F 
is  at  least  1.2°  C  (including  both  CBLAST  2003  and  SWWIM  I),  the  subtidal  cross¬ 
shelf  heat  flux  at  F  is  significantly  negatively  correlated  with  the  along-shelf  wind 
stress  at  the  95%  confidence  level.  The  correlation  reaches  r  =  —0.66  ( | ^95% |  =  0.34), 
indicating  that  upwelling-favorable  wind  stress  at  F  is  associated  with  an  offshore 
heat  flux.  This  is  consistent  with  a  coastal  upwelling  circulation  at  mid-shelf,  in 
which  warm  near-surface  water  moves  offshore  and  colder  near-bottom  water  moves 
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onshore.  The  subtidal  cross-shelf  heat  flux  Hxs  at  F  is  not  significantly  correlated 
with  the  cross-shelf  wind  stress  or  the  surface  gravity  wave  forcing. 

Surface  gravity  wave  forcing  contributes  to  the  cross-shelf  heat  transport  Hxs  in 
two  ways,  and  the  two  parts  can  cancel  each  other  (probably  explaining  the  lack  of 
correlation  of  Hxs  with  waves  even  when  Hxsaves  is  not  negligible).  The  first  is  through 
Hx?rc,  which  is  the  heat  flux  due  to  u,  the  Eulerian  cross-shelf  circulation  detected  by 
the  ADCP.  That  circulation  is  partly  driven  by  waves  at  the  Node  (Appendix  E).  The 
second  is  through  Hxsa ves,  which  is  the  heat  flux  due  to  ust.  At  both  the  Node  and 
F,  Hxsaves  is  onshore  and  warms  the  inner  shelf,  in  opposition  to  Hxfrc  (Figure  4-15). 
Hxsaves  is  significantly  positively  correlated  with  onshore  surface  gravity  wave  forcing 
at  F,  even  though  the  total  cross-shelf  heat  flux  Hxs  is  not  (see  previous  paragraph). 
Note  that  Hxfaves  at  the  Node  and  F  cannot  be  directly  compared  because  the  reference 
temperature  Ti  is  different  at  the  two  sites  (see  Section  D.3). 

Comparison  with  2-D,  2-Layer  Model 

The  cross-shelf  circulation  u  +  usl  at  the  Node  does  not  vary  much  on  time  scales 
of  several  days  to  weeks  in  summer  (Figure  4- 16a).  The  upper-layer  velocity  is  per¬ 
sistently  offshore,  and  the  lower-layer  velocity  is  onshore.  The  adjustment  of  the 
cross-shelf  heat  flux  to  oppose  the  surface  heat  flux  in  summer  (Section  4.4.4)  appar¬ 
ently  takes  place  through  adjustment  of  the  temperature  profile,  not  the  cross-shelf 
circulation  profile.  To  explore  how  the  net  cross-shelf  heat  flux  Hxs  can  be  equal 
and  opposite  to  the  surface  heat  flux  at  the  Node  in  summer  when  the  cross-shelf 
circulation  is  roughly  constant,  we  compare  the  observed  heat  flux  with  the  simple 
2-layer  model  described  in  Section  4.3.5  (Figure  4-4). 

In  the  model,  the  temperature  is  always  in  steady  state,  similar  to  the  observed 
summertime  heat  budget  at  the  Node,  in  which  the  change  in  local  heat  content 
is  small  compared  to  the  accumulated  surface  heat  flux  and  cross-shelf  heat  flux 
(Figure  4-11,  left).  The  time  for  the  volume  onshore  of  the  Node  to  be  flushed  by  the 
mean  circulation  u+ust  in  summer  is  2.4  days,  so  it  is  reasonable  to  use  a  steady-state 
model  for  the  heat  balance  on  time  scales  longer  than  a  few  days.  The  cross-shelf 
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heat  flux  and  the  surface  heat  flux  balance  by  design  in  the  two-layer  model,  but  the 
model  predictions  for  the  strength  of  the  vertical  temperature  stratification,  the  sign 
of  the  cross-shelf  temperature  gradient,  and  the  effective  distance  that  a  water  parcel 
travels  when  being  flushed  through  the  volume  onshore  of  the  Node  are  consistent 
with  observations,  as  follows. 

The  model  predicts  the  vertical  temperature  stratification  will  be  determined 
solely  by  the  surface  heat  flux,  the  strength  of  the  (constant)  two-layer  circulation,  and 
the  distance  from  shore,  through  Eq.  (4.32).  We  use  a  layer  interface  of  2  =  —5.5  m  to 
estimate  the  vertically-averaged,  time-varying  (7-day  low-pass  filtered)  temperatures 
Xj  and  T2  for  the  upper  and  lower  layers,  and  the  observed  time-mean  Uq  =  0.06  m2  s-1 
from  the  depth- varying  part  of  u+ust  at  the  Node  during  CBLAST  2003  (using  u+ust 
rather  than  just  u  based  on  the  form  of  Hxs  in  Eq.  (4.11)).  The  observed  quantities 
UoAT  and  QSL  are  in  reasonable  agreement  (Figure  4-16b,c),  consistent  with  the 
model  capturing  the  main  features  of  the  circulation,  and  suggesting  the  distance 
that  water  parcels  travel  toward  shore  before  leaving  the  volume  onshore  of  the  Node 
in  summer  is  close  to  the  actual  distance  to  shore  L. 

The  model  predicts  a  negative  cross-shelf  temperature  gradient  d(T)/dx  (colder 
water  farther  from  shore)  only  if  the  vertical  mixing  exceeds  a  critical  value:  > 

Uod/L  (Eqs.  (4.26),  (4.27),  and  (4.35)).  The  observed  summertime  d(T)/dx  between 
F  and  the  Node  is  negative,  so  the  model  suggests  that  the  effective  mixing  is  I\j  > 
2  x  10-4  m2  s-1  based  on  the  observed  Uq  =  0.06  m2  s-1,  d  =  5.5  m,  and  L  =  1.5  km. 
This  is  reasonable,  given  that  the  K  profile  parameterization  (Large  et.  ah,  1994) 
suggests  Kt  is  often  as  large  as  O  (10~2  —  10_1)  m2  s-1  at  2  m  depth  for  the  observed 
surface  heat  flux  and  wind  stress  during  August  2003.  Therefore,  the  observations  at 
the  Node  are  consistent  with  the  mechanism  for  balancing  Hs  and  Hxs  in  summer 
that  is  captured  by  the  two-layer  model,  i.e.,  an  upwelling  circulation  that  is  nearly 
constant  in  time,  and  a  temperature  stratification  that  adjusts  depending  011  the 
surface  heat  flux. 


168 


4.5  Discussion 


We  observe  strong  seasonal  cycles  in  temperature  and  vertical  thermal  stratification 
at  both  the  Node  and  F.  The  warmest  water  and  strongest  thermal  stratification 
occurred  in  August,  and  the  coldest  water  and  a  thermal  stratification  near  zero  or 
inverted  occurred  in  January  or  February.  The  water  at  the  shallower  site  was  gener¬ 
ally  warmer  than  the  water  offshore  in  summer,  and  colder  in  winter.  These  results 
are  all  consistent  with  previous  observations  of  the  seasonal  cycle  of  temperature  of 
Middle  Atlantic  Bight  shelf  waters  (Bigelow,  1933;  Linder  and  Gawarkiewicz,  1998; 
Lentz  et.  al.,  2003b;  Lentz,  2007b,  and  others).  In  addition,  we  observe  reversals  of 
the  cross-shelf  temperature  gradient  between  the  12-  and  27-m  isobaths  in  the  upper 
12  m  of  the  water  column  on  time  scales  of  days  in  all  seasons  (Figure  4-5). 

The  substantial  cooling  of  the  inner  shelf  during  summer  observed  here  is  similar 
to  the  summertime  coastal  upwelling  on  the  West  Coast  of  the  United  States  in  that 
the  dominant  terms  in  the  heat  balance  on  time  scales  of  months  are  the  surface  heat 
flux  Qs  and  the  cross-shelf  advective  heat  flux  (e.g.,  Lentz,  1987).  Nevertheless,  there 
are  important  differences  between  the  persistent,  upwelling  observed  here  at  the  Node, 
and  the  summertime  upwelling  on  the  West  Coast  that  is  driven  by  the  along-shelf 
wind  stress.  First,  although  the  mean  along-shelf  wind  stress  was  upwelling-favorable 
during  the  part  of  August  2003  for  which  there  are  temperature  data,  that  mean 
wind  stress  was  very  weak  (<  0.01  N  m-2,  Table  4.5)  in  contrast  to  the  strong 
upwelling-favorable  wind  stress  that  drives  West  Coast  summer  upwelling.  Second, 
the  cross-shelf  circulation  over  the  shallow  inner  shelf  near  MVCO  is  not  driven  by 
the  along-shelf  wind  stress,  but  by  the  cross-shelf  wind  stress  (Chapter  2)  and  surface 
gravity  wave  forcing  (Appendix  E).  The  details  of  the  summertime  (stratified)  cross¬ 
shelf  circulation  at  the  Node  are  not  well  understood. 

Previous  observations  of  advective  heat  transport  over  the  North  Carolina  conti¬ 
nental  shelf,  onshore  of  the  23-m  isobath,  demonstrated  that  on  time  scales  of  days 
the  cross-shelf  heat  flux  is  a  dominant  term  in  August,  and  the  along-shelf  heat  flux  in 
October  (Austin,  1999).  The  synoptic  cross-shelf  heat  flux  was  explained  by  coastal 
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upwelling  and  downwelling  circulations  driven  by  the  along-shelf  wind  stress.  We  find 
a  similar  synoptic  upwelling  and  downwelling  driven  by  the  along-shelf  wind  stress 
near  the  27-m  isobath  near  MVCO.  In  addition,  we  find  synoptic  and  higher-frequency 
upwelling  and  downwelling  driven  by  the  cross- shelf  wind  stress  onshore  of  the  12-m 
isobath.  In  fall,  the  cross-shelf  heat  flux  in  the  North  Carolina  study  became  neg¬ 
ligible  as  the  vertical  temperature  stratification  broke  down,  and  the  surface  heat 
flux  became  the  dominant  source  of  changes  in  water  temperature.  At  MVCO,  the 
cross-shelf  heat  flux  also  becomes  small  when  the  vertical  temperature  stratification 
breaks  down,  and  surface  heating  and  cooling  is  an  important  term  in  the  synoptic 
heat  budget,  particularly  at  the  shallower  12-m  site.  The  North  Carolina  study  was 
based  on  data  from  the  months  of  August  and  October,  so  could  not  address  the 
complete  seasonal  cycle.  Neither  the  cross-shelf  nor  the  along-shelf  heat  flux  was  a 
dominant  term  in  the  mean  heat  balance  in  August  or  October,  in  contrast  to  MVCO 
where  the  cross-shelf  heat  flux  is  a  strong  cooling  influence  on  time  scales  of  months 
in  summer.  The  North  Carolina  August  data  covered  less  than  one  month,  however, 
so  the  actual  mean  cross-shelf  heat  flux  may  have  been  masked  by  the  strong  synoptic 
variability. 

A  numerical  modeling  study  (Wilkin,  2006)  of  the  summertime  2002  heat  budget 
near  MVCO  also  found  the  change  in  depth-average  water  temperature  in  summer 
was  smaller  than  expected  from  surface  heating  alone,  in  agreement  with  these  and 
previous  (Hutto  et  ah,  2003;  Pritchard  et  ah,  2002)  observations.  The  Wilkin  model 
was  not  designed  specifically  to  look  at  the  shallow  inner-shelf  circulation  near  the 
MVCO  Node;  the  model  grid  spacing  was  1  km  and  the  distance  between  the  Node 
and  shore  is  only  1.4  km,  so  the  circulation  near  the  Node  in  the  model  may  not  be 
adequately  resolved  for  comparison  to  our  study.  In  the  Wilkin  model,  the  water  tem¬ 
perature  at  the  Node  and  F  increased  throughout  July  but  not  as  fast  as  the  surface 
heat  flux  would  suggest,  and  became  constant  or  decreasing  in  August,  similarly  to 
the  August  2003  observations  (Figure  4-10).  The  summertime  surface  heat  flux  was 
substantially  canceled  in  the  Wilkin  model  by  a  divergence  in  the  horizontal  advective 
heat  flux  near  the  coast  of  Martha’s  Vineyard  (Wilkin,  2006,  his  Figures  10  and  11), 


170 


consistent  with  the  cooling  cross-shelf  heat  flux  divergence  we  observe.  Near  mooring 
F  (which  was  also  deployed  in  summer  2002),  the  Wilkin  model  indicates  less  cooling 
due  to  advective  heat  flux  divergence  than  near  the  south  coast  of  Martha’s  Vineyard, 
in  agreement  with  the  smaller  discrepancy  between  accumulated  temperature  change 
and  surface  heating  we  observe  at  F  than  at  the  Node. 

The  advective  heat  flux  divergence  in  the  Wilkin  model  is  partly  a  cooling  due 
to  the  mean  (t.idally  averaged)  circulation,  in  agreement  with  our  observations  at 
the  Node  and  F  (black  and  dark  blue  curves  in  Figure  4-14,  left).  Near  and  east 
of  the  MVCO  Node,  a  divergence  in  the  modeled  advective  heat  flux  due  to  high- 
frequency  motions  attributed  to  tides  warmed  the  inner  shelf.  That  model  heat 
flux  was  due  to  the  combined  along-shelf  and  cross-shelf  divergence.  The  observed 
cross-shelf  heat  flux  divergence  due  to  high-frequency  motions  at  the  Node  during 
August  2003  resulted  in  a  net  advective  cooling,  not  warming.  We  do  not  have 
observations  of  the  along-shelf  heat  flux  divergence  on  tidal  time  scales  (moorings 
T1  and  T2  are  too  far  apart  to  resolve  the  relevant  temperature  gradients).  The 
along-shelf  velocity  and  the  near-bottom  water  temperature  at  the  Node  are  not  in 
quadrature  in  the  long  (2001-2007)  MVCO  time  series  or  during  CBLAST,  however, 
suggesting  that  there  is  an  along-shelf  heat  flux  due  to  tides  near  bottom  at  the  Node, 
but  the  sign  of  the  divergence  of  that  heat  flux  is  not  known  from  observations.  The 
tidal  eddy  heat  flux  that  brings  warm  water  from  the  northeast  to  the  area  near  and 
east  of  the  Node  in  the  numerical  model  may  also  be  an  overestimate.  The  tidally 
generated  warm  water  bulge  in  the  modeled  mean  surface  temperature  east  of  the 
Node  for  July  and  August  2002  is  not  present  in  the  mean  temperature  field  of  satellite 
observations  from  the  same  period  ((Wilkin,  2006),  his  Figure  2).  Nevertheless,  the 
observations  presented  here  and  Wilkin’s  model  both  show  that  advective  heat  flux 
divergence  is  an  important  cooling  mechanism  in  the  MVCO  area  in  summer  both  on 
long  time  scales  (weeks  to  months)  and  during  synoptic  events. 

Previous  heat  budget  studies,  including  those  of  Austin  (1999)  and  Wilkin  (2006), 
have  not  considered  the  contribution  of  Stokes’  drift  (Stokes,  1847),  although  part  of 
the  contribution  of  surface  waves  to  the  heat  budget  has  been  included  through  the 
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(unrecognized)  influence  of  waves  on  the  circulation  u  recently  demonstrated  by  Lentz 
(Appendix  E).  There  is  a  tendency  for  the  wave-driven  contribution  to  u  to  oppose 
ust  (Appendix  E).  As  a  result,  there  is  a  tendency  for  H*aaves  to  oppose  H*frc  when 
wave  forcing  is  important,  because  u  and  ust  both  act  on  the  same  temperature  profile 
T(z)  to  produce  a  cross-shelf  heat  flux.  Previous  studies  have  likely  overestimated  the 
cross-shelf  heat  flux,  since  inclusion  of  ust  in  this  study  led  to  a  substantial  reduction 
of  the  magnitude  of  Hxs,  even  at  the  deeper  site  (Figure  4-15).  These  results  suggest 
the  need  to  incorporate  wave  forcing  in  numerical  models  of  the  inner  shelf  circulation 
and  heat  budget. 


4.6  Summary  and  Conclusions 

On  the  shallow  inner  shelf  at  MVCO,  in  12-  to  27-m  water  depth,  surface  heating 
and  cross-shelf  advective  cooling  are  the  dominant  terms  in  the  heat  budget  on  time 
scales  of  weeks  to  months  in  summer.  In  mid-summer  (August),  the  local  water 
temperature  over  the  inner  shelf  is  nearly  constant  in  spite  of  strong  surface  heating, 
due  to  an  offshore  flux  of  heat  which  is  partly  driven  by  surface  gravity  waves,  partly 
the  cross-shelf  wind,  and  partly  the  along-shelf  wind  (at  the  deeper  site)  (Figure  4- 
12,  top).  This  is  in  contrast  to  previously  observed  mid-shelf  sites  in  the  Middle 
Atlantic  Bight  where  the  cross-shelf  heat  flux  is  less  important,  the  surface  heat  flux 
and  change  in  local  water  temperature  are  dominant,  and  surface  gravity  waves  and 
cross-shelf  wind  have  not  been  considered.  The  along-shelf  heat  flux,  although  not 
directly  observed  here,  seems  to  be  negligible  on  seasonal  time  scales  in  the  summer 
temperature  balance  onshore  of  the  12-  and  27-m  isobaths.  In  winter,  the  heat  balance 
is  closer  to  one-dimensional  at  both  sites,  with  surface  cooling  and  change  in  local 
heat  content  balancing  (Figure  4-12,  bottom). 

The  temperature  difference  between  the  near-surface  and  near-bottom  water  is 
always  small  compared  to  the  temperature  difference  between  summer  and  winter 
(Figure  4-1).  It  is  that  relatively  small  vertical  temperature  stratification,  however, 
that  enables  the  large  cross-shelf  advective  heat  flux  out  of  the  inner  shelf  in  summer. 
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The  net  cross-shelf  heat,  flux  Hxs  at  the  Node  in  summer  is  mostly  due  to  the  mean 
circulation  (including  Stokes’  drift)  acting  on  the  mean  temperature  profile,  with 
some  contribution  (~l/3)  from  correlated  fluctuations  with  time  scales  shorter  than 
33  hrs  driven  partly  by  tides  and  partly  by  cross-shelf  winds.  In  contrast,  the  net 
cross-shelf  heat  flux  at  F  may  be  entirely  due  to  correlated  fluctuations  with  time 
scales  longer  than  33  hrs,  which  are  driven  by  the  along-shelf  wind  through  coastal 
upwelling  and  downwelling  similar  to  mid-shelf. 

We  compare  the  summertime  heat  budget  onshore  of  the  12-m  isobath  with  a 
simple  two-layer  model  in  which  the  temperature  stratification  is  assumed  to  have 
evolved  to  reach  a  steady  state  so  that  the  net  surface  heat  flux  into  the  volume 
QSL  equals  the  net  advective  heat  loss  from  the  volume  due  to  the  mean  circulation, 
—pocpUoAT.  There  is  good  agreement  between  this  model  and  the  part  of  the  Node 
summertime  cross-shelf  heat  flux  that  is  due  to  the  time- mean  circulation  (Figure  4- 
16).  The  remaining  ~l/3  of  the  cross-shelf  heat  flux  at  the  Node  in  summer,  which 
is  due  to  high-frequency  motions,  is  caused  partly  by  tides  but  has  the  opposite  sign 
(here,  it  cools  the  volume)  from  a  numerical  model  tidal  eddy  heat  flux  found  for  the 
MVCO  area  (Wilkin,  2006).  Nevertheless,  that  model  tidal  heat  flux  could  be  due  to 
along-shelf  heat  flux  divergence  not  resolved  here. 

On  synoptic  time  scales,  the  residual  in  the  heat  budget  is  large  at  both  locations 
at  all  times  of  year,  likely  indicating  that  along-shelf  heat  flux  divergence  is  important 
on  synoptic  time  scales.  During  stratified  conditions  in  12-m  water  depth,  the  surface 
heat  flux,  change  in  local  heat  content,  and  cross-shelf  heat  flux  are  all  important. 
This  is  the  first  continental  shelf  heat  budget  in  which  the  surface  heat  flux  has  played 
an  important  role  on  synoptic  time  scales  in  summer;  in  the  North  Carolina  inner  shelf 
heat  budget  (Austin,  1999)  the  surface  heat  flux  was  a  dominant  term  in  the  synoptic 
heat  budget  only  after  the  stratification  broke  down  in  fall.  The  importance  of  the 
surface  heat  flux  for  synoptic  fluctuations  in  summer  water  temperature  at  MVCO  is 
due  to  the  shallow  water  depth  compared  to  previous  studies.  The  surface  heat  flux 
should  become  an  even  more  important  term  in  synoptic  heat  budgets  progressively 
closer  to  shore.  During  stratified  conditions  in  27-m  water  depth,  the  surface  heat 
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flux  is  less  important  than  in  12-m  water  depth  but  the  other  three  terms  (change 
in  local  temperature  and  cross-shelf  advection)  are  large,  in  agreement  with  previous 
inner  and  mid-shelf  studies.  During  unstratified  conditions,  the  cross-shelf  heat  flux 
is  a  minor  term  in  the  heat  budget  at  both  sites;  at  the  12-m  site,  surface  heat  flux, 
change  in  local  heat  content,  and  along-shelf  advection  are  all  important,  and  at  the 
27-m  site  the  surface  heat  flux  is  again  less  important  and  the  dominant  balance  is 
between  change  in  local  heat  content  and  (presumably)  along-shelf  advection. 

We  document  a  warming  of  the  inner  shelf  on  synoptic  time  scales  during  winter  by 
the  cross-shelf  heat  flux  in  12-m  water  depth,  due  to  the  combination  of  an  upwelling 
circulation  with  an  inverted  temperature  stratification  (coldest  water  near  the  surface) 
that  is  a  common  feature  of  this  area,  since  freshwater  runoff  trapped  near  the  coast 
during  winter  can  stabilize  an  inverted  temperature  profile  caused  by  surface  cooling. 
The  inverted  temperature  stratification  in  winter  2004-2005  was  a  feature  of  the 
shallowest  part  of  the  inner  shelf  (the  temperature  is  inverted  at  the  12-m  but  not 
the  27-m  site). 

The  contribution  of  wave-driven  fluctuations  in  velocity  and  temperature  to  the 
heat  budget  through  the  Stokes’  drift  ust  is  substantial  and  has  not  been  included  in 
previous  studies.  The  entirely  separate  contribution  of  waves  to  the  heat  budget  due 
to  the  wave-driven  Eulerian  circulation  documented  in  Appendix  E  has  automatically 
been  included  in  previous  studies  as  part  of  the  observed  circulation  u ,  but  was  not 
recognized  as  being  due  to  waves.  Because  the  wave-driven  circulation  in  u  tends  to 
oppose  the  Stokes’  drift  ust ,  the  net  effect  of  waves  on  the  heat  budget  may  actually 
be  small.  The  cross-shelf  heat  flux  may  have  been  overestimated  in  previous  studies 
because  the  canceling  effect  of  the  Stokes’  drift  was  neglected. 

The  cross-shelf  heat  flux  is  an  important  cooling  mechanism  for  the  shallow  inner 
shelf  on  time  scales  of  months  during  summer.  The  observed  cross-shelf  heat  flux  in 
12  m  and  27  m  water  is  approximately  the  right  size  to  produce  the  observed  summer 
water  temperature,  which  is  much  cooler  than  would  be  expected  from  surface  heating 
alone.  The  cross-shelf  heat  flux  alone  provides  a  mechanism  for  the  departure  of  the 
inner  shelf  heat  balance  from  one-dimensional,  shown  in  Figure  4-2.  A  substantial 
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along-shelf  heat  flux  divergence  is  not  required. 
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Jan  Mar  May  Jul  Sep  Nov  Jan 


Figure  4-1:  Top  panel:  33-hr  low-pass  filtered  temperature  in  12-m  water  depth 
at  the  Martha’s  Vineyard  Coastal  Observatory  in  Massachusetts.  Thick  line:  near¬ 
bottom  temperature,  and  thin  line:  near-surface  temperature,  from  summer  2003  and 
winter  2004-5.  Grey  shading:  envelope  of  near-bottom  temperature  from  2001-2007, 
during  all  times  other  than  the  experiments  represented  by  the  thick  black  lines;  data 
are  sparse  in  early  summer.  Bottom  panel:  similar  but  in  27-m  water  depth  (at 
mooring  F),  and  without  the  envelope  of  2001-2007  values. 
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water  depth  (m) 


Figure  4-2:  Solid  line:  predicted  depth-average  temperature  increase  due  to  the  mean 
net  surface  heat  flux  140  W  m-2  observed  at  MVCO  over  a  period  of  six  months 
(March  1  through  August  31),  as  a  function  of  water  depth,  assuming  no  advection 
of  heat  (Section  4.3.3).  Symbols:  observed  change  in  10-day  average  temperature 
from  March  1  to  August  31.  Vertical  bars  show  ±  one  standard  deviation.  US  Army 
Corps  of  Engineers  Field  Research  Facility  (FRF)  daily  CTD  data  are  described  at 
http://www.frf.usace.army.mil;  for  Coastal  Mixing  and  Optics  (CMO)  data,  see  Lentz 
et  al.  (2003b);  National  Ocean  Data  Center  (NODC)  archived  shipboard  data  are  de¬ 
scribed  in  Lentz  et  al.  (2003b);  lightship  temperature  measurements  are  described 
at  http://dlaweb.whoi.edu/DIG-RES/lightship_data.html;  for  the  Minerals  Manage¬ 
ment  Service  (MMS)  Hatteras  Study,  see  Berger  et  al.  (1994). 
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Figure  4-3:  Top  panel:  location  of  detailed  map  of  study  area  (square  outline).  Iso¬ 
baths  are  shown  in  increments  of  20  m  (i.e.,  the  20-m,  40-m,  60-m...  isobaths). 
Bottom  panel:  detailed  map  of  study  area,  with  Node  and  F  principal  axis  coor¬ 
dinate  systems  from  CBLAST  2003  (Appendix  E).  Isobaths  are  labeled  in  meters. 
Solid  dots:  moorings  Node  and  F,  deployed  during  CBLAST  2003  and  SWWIM  I. 
Triangles:  moorings  T1  and  T2,  deployed  during  CBLAST  2003  only.  Circle:  MVCO 
air-sea  interaction  tower  (ASIT).  Squares:  MVCO  meteorological  masts. 
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Figure  4-4:  Cartoon  of  2-D,  2-layer  model  described  in  Section  4.3.5.  The  cross-shelf 
velocity  is  constant  in  x  except  very  near  the  coast,  where  upwelling  occurs.  The 
temperature  varies  with  x  in  each  layer. 
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Figure  4-5:  Top  panel:  33-hr  low-pass  filtered  bulk  vertical  temperature  stratification 
AT  /  Az  between  the  near-surface  and  near-bottom  instruments  in  12-m  (Node,  thin 
line)  and  27-m  (F,  thick  line)  water  depth  at  MVCO.  Bottom  panel:  33-hr  low-pass 
filtered  cross-shelf  difference  in  the  average  temperature  of  the  upper  12  m  of  the 
water  column  between  mooring  F  and  the  MVCO  Node,  AT(F,Node)>  as  a  function  of 
time.  Positive  indicates  the  water  at  F  is  warmer  than  at  the  Node.  The  two  sites 
are  separated  by  ~  10  km. 
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Figure  4-6:  33-hr  low- pass  filtered  net  surface  heat  flux  Q, s  and  its  components  at  the 
Node.  Positive  heat  flux  indicates  ocean  is  warming.  Black  line:  CBLAST  2003  (sum¬ 
mer)  and  SWWIM  I  (winter/spring).  Grey  shading:  envelope  of  other  measurements 
at  MVCO  (2001-2007). 
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Figure  4-7:  33-hr  low-pass  filtered  MVCO  air  temperature,  relative  humidity,  wind 
stress  in  Node  coordinate  system,  and  significant  wave  height  at  the  Node.  Black  line: 
CBLAST  2003  (summer)  and  SWWIM  I  (winter/spring).  Grey  shading:  envelope  of 
other  measurements  at  MVCO  (2001-2007). 
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(time  derivative  of  Eq.  (4.7)).  Red:  predicted  from  surface  heat  flux,  using  Eqs.  (4.9)  and  (4.10).  Green:  predicted  due  to 
cross-shelf  advective  heat  flux,  using  Eq.  (4.11).  Black,  in  upper  left:  predicted  due  to  advection  of  along-shelf  temperature 
gradient,  using  Eq.  (C.2).  Equivalent  change  in  heat  content  per  unit  along-shelf  length,  ./a,  is  shown  on  the  right  axis,  where 
Ja  =  PorPA((T))  and  A  is  the  area  of  the  wedge  onshore  of  the  mooring. 


mean  cross-shelf  velocity  (including  us()  in  upper  6  m 


Figure  4-9:  Advective  heating  of  the  inner  shelf  in  winter,  due  to  upwelling  when  the 
temperature  stratification  is  inverted  at  the  Node.  Top:  mean  cross-shelf  velocity 
u  +  ust  in  the  upper  half  of  the  water  column;  positive  indicates  upwelling.  Middle: 
temperature  difference  between  near-surface  and  near-bottom  instruments;  positive 
indicates  unstable  temperature  stratification.  Bottom:  (solid)  total  cross-shelf  heat 
flux  from  Eq.  (4.11)  including  the  effects  of  waves  and  (dashed)  surface  heat  flux, 
plotted  as  expected  change  in  area-average  temperature;  positive  indicates  the  inner 
shelf  is  warming.  All  four  time  series  have  been  low-pass  filtered  with  a  33-hr  cutoff. 
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Figure  4-10:  Annual  cycle  of  depth-average  temperature  on  the  12-m  (top  panel) 
and  27-m  (bottom  panel)  isobaths.  Thick  blue:  observed  (T)  from  Eq.  (4.5).  Thick 
red:  predicted  from  surface  heat  flux,  assuming  the  one-dimensional  heat  balance  in 
Eq.  (4.6).  Thin  blue:  best  fit  sinusoidal  annual  cycle  of  (T).  Thin  red:  predicted 
annual  cycle  from  observed  meteorological  variables  and  best  fit  sinusoidal  annual 
cycle  of  near-surface  temperature  (not  shown).  Equivalent  water  column  heat  content 
per  unit  horizontal  area  is  shown  on  the  right  axis,  relative  to  heat  content  of  a  water 
column  at  0°C.  The  vertical  positions  of  the  red  curves  are  arbitrary;  the  red  curves 
have  been  aligned  as  described  in  Section  C.l  to  show  times  when  the  slopes  of  the 
red  and  blue  curves  agree,  indicating  a  one-dimensional  heat  budget. 
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axis  is  arbitrary).  Red:  predicted  change  in  heat  content  Js  due  to  observed  surface  heat  flux  IIs  (J*  is  the  time  integral  of  //“). 
Green:  predicted  change  Jxs  due  to  cross-shelf  heat  flux  Iixs  (including  waves).  Black:  residual  ./a  -  Jxs  -  Js-  The  shaded 
areas  around  the  curves  show  the  range  produced  by  rotating  the  coordinate  system  ±5°.  For  the  Node  in  summer  (top  left), 
the  estimated  part  of  the  along-shelf  heat  flux  //“Jv  is  shown  in  light  blue.  The  equivalent  volume-average  temperature  {(T))  is 
shown  on  the  right  axis,  where  {(T))  =  J&/  poCp  A. 
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Figure  4-12:  Top  panel:  cartoon  of  heat  balance  in  summer  on  time  scales  of  weeks 
to  months.  The  net  surface  heat  flux  (red  arrow)  heats  the  inner  shelf  water.  The 
cross-shelf  heat  flux  (green  arrows)  cools  the  inner  shelf  and  approximately  cancels  the 
surface  heating,  so  the  water  temperature  (blue  T)  remains  nearly  constant.  Bottom 
panel:  cartoon  of  heat  balance  in  winter  on  time  scales  of  days  to  months.  The  net 
surface  heat  flux  (red  arrow)  cools  the  inner  shelf  water.  The  cross-shelf  heat  flux 
(green  arrows)  warms  the  inner  shelf  but  is  small  in  comparison  to  the  surface  heat 
flux,  so  the  water  temperature  (blue  T)  decreases. 
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Figure  4-13:  Top  row:  Node,  and  bottom  row:  F.  Left  to  right:  time-mean  profiles  of  the  of  the  cross-shelf  velocities  it,  ust, 
u  +  ust,  and  temperature  T  during  CBLAST  2003  (solid  symbols)  and  SWWIM  I  (open  symbols),  over  all  times  when  velocity, 
wave,  and  temperature  data  were  concurrently  available.  Dotted  lines  show  range  produced  by  rotating  the  coordinate  system 
±5°. 
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of  panels  at  right.  Green:  total  change  in  heat  content  due  to  cross-shelf  heat  flux,  JIS,  as  in  Figure  4-11.  Blue:  the  part 
due  to  the  time-mean  (depth- varying  part  of  the)  profiles  of  velocity  (including  ust)  and  temperature  during  that  deployment 
(CBLAST  2003  or  SWWIM  I).  Black:  due  to  velocity  and  temperature  fluctuations  with  time  scales  longer  than  ~33  hrs.  Red: 
due  to  velocity  and  temperature  fluctuations  with  time  scales  shorter  than  ~  33  hrs,  including  tides.  Light  blue:  due  to  the 
tidal  velocity  and  temperature  fluctuations  predicted  by  T_TIDE  (Pawlowicz  et  al.,  2002)  for  the  Node  during  CBLAST  2003. 


temperature.  Top  panels:  onshore  of  12-rn  isobath,  and  bottom  panels:  onshore  of  27-m  isobath,  for  summer  (left)  and  winter 
(right).  Note  different  axis  scales;  triangles  in  panels  at  left  indicate  axis  limits  of  panels  at  right.  Green:  total  change  in  heat 
content  due  to  cross-shelf  heat  flux,  Jxs  =  J™rc  +  J**avea,  as  in  Figure  4-11.  Magenta:  due  to  cross-shelf  circulation  u  observed 
by  the  ADCP,  J**c.  Blue:  due  to  waves,  JxsaVes- 
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Node  Node 


0 


7-day  low-pass  filtered  cross-shelf  u  +  ugt  m  g-i 


Figure  4-16:  (a)  Cross-shelf  velocity  u  +  ust  at  Node  during  summer  2003,  with  con¬ 
sistent  offshore  flow  (red)  in  the  upper  layer.  The  layer  interface  at  2  =  —5.5  m  used 
for  comparison  with  the  two-layer  model  is  indicated  by  the  dashed  line,  (b)  Modeled 
cross-shelf  advective  heat  flux  vs.  observed  surface  heat  flux  from  Section  4.3.5,  calcu¬ 
lated  with  time-mean  Uo  and  7-day  low-pass  filtered  Qa  and  AT  from  summer  2003, 
plotted  every  7  days.  Diagonal  line  has  slope  1.  The  two  quantities  are  significantly 
correlated  at  the  95%  confidence  level,  (c)  Comparison  of  accumulated  heat  due  to 
surface  heat  flux  (on  horizontal  axis)  and  heat  loss  due  to  cross-shelf  heat  flux  (on 
vertical  axis)  at  Node  during  summer  2003  (CBLAST).  Line  with  dots:  from  two- 
layer  model  (Section  4.3.5),  poCp  J  UqAT  dt.  vs.  fQaLdt,  with  observed  time-mean  Uo 
and  7-day  low-pass  filtered  Q„  and  AT.  Time  integrals  are  over  the  CBLAST  2003 
deployment  for  times  when  u  +  ust,  Qs,  and  T  are  all  available.  Diagonal  line  has 
slope  1. 
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Water  depth  (m) 

Instrument 

depths 

(m) 

Start  (2003) 
End  (2003) 

I—1 

to 

0.7 

2.4 

4.8 

7.2 

9.6 

11.99  (MVCO) 

13  Aug 

17  Oct 

Table  4.1:  CBLA 
Node 

16.5 

1.0 

7.5 

16.3 

15  Jul 
17  Oct 

in 

H 

H  to 
o 
o 
cc 

1.0 

7.5 

14.9 

15  Jul 
17  Oct 

Temperat 

T2 

27.3 

1.0 

2.2 

2.9 

6.0 

8.0 

11.5 

12.5 

14.0 

16.0 

18.0 

20.0 

22.0 

16  Jul 

27  Aug 

;ure  Measuremei 

|  F (OBLAST) 

27.3 

1.0 

3.0 

6.0 

9.0 

12.5 

16.0 

19.0 

22.0 

26.9  (ADCP  tripod) 

28  Aug 

17  Oct 

tits. 

F  (supplement) 
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Table  4.2:  SWWIM  I  Temperature  Measurements,  7  Dec  2004  -  23  May  2005. 


No< 

Depth  (m) 

ie 

Type 

F 

Depth  (m) 

Type 

Instruments 

1.15 

MicroCAT 

1.1 

MicroCAT 

2.15 

TidbiT 

2.3 

TidbiT 

3.15 

TidbiT 

3.4 

MicroCAT 

4.15 

TidbiT 

5.3 

TidbiT 

5.15 

TidbiT 

7.3 

MicroCAT 

6.15 

TidbiT 

9.8 

TidbiT 

7.15 

TidbiT 

12.2 

MicroCAT 

8.15 

TidbiT 

14.7 

TidbiT 

9.15 

TidbiT 

17.2 

MicroCAT 

10.15 

TidbiT 

19.2 

TidbiT 

10.9 

TidbiT 

21.1 

MicroCAT 

12  (MVCO) 

MicroCAT 

22.6 

24.1 

27  (ADCP  tripod) 

TidbiT 

MicroCAT 

Seagauge 

Water  depth  (m) 

12 

27 

193 


p 

X 

cn 

P 


CO 

cn 

P 


o  o 

CO  CO 
i— 1  Cn 


O  O 

b  b 

4^  CO 


p  p 

b  b 
to  to 


p  p 

b  co 

00  Cn 


o  o 
b  b 

C3  4^ 


p  p 

cn  b 
Ci>  to 


o  o 
b  b 

C3  4^ 


p  p 

b  CO 
4^  00 


H 

p 

o 

cn 

o’ 

p 


2 

H 

p’ 

P 

o 

o> 


o 


p 

3* 

p* 

Qrq 


C/3 


p  “ 

I  I 

cn 


P  P 

CO  b 

03  4^ 


P  P 

CO  to 
4^  O 


P  P 

b  CO 
0"3  ^1 


P  P 

b  b 

oo  oo 

3  3 
b  b 

4^  ^4 


P  P 
b  b 

O  O 


o  o 
b  b 

4^  ^4 


p  p 

CO  CO 

o  o 


2 

o 

cl 

o> 


C/3 

cn 

cl 


03 


03 

n+- 

a- 


to 


03 


03 


H 

8 

cn 

o’ 

P 


| 

P 

P 

o 

03 

o> 


P 

p' 

5* 

aq 


p 


o> 

a  ^ 

£  S 

§-  g. 

D-  g 
< 


S8  P 

CD  p 


8 


CL 

H-»  • 

35 

CD 


P 

cn 

t— 1  • 

o 

S  g 

p  o 

P  CD 
CD 


a- 

o  CD 

°I 

I  p 

^  cn 

~if 

$  3 

ST  o> 

CD  p 

3  C/3 

B.  B 
3  S’ 
£  S 
3  p 

P 


CL 

2  ^n 

p  tr 

gL  5> 

o  h"s 

<<  95 

o  hO 

-  g 

3*  g 

CL 

nr-  ° 
2^  O 
CD  t-j 
P  CD 


8 


.  g. 

rt  H) 


1 

CL 


o 

p 

03 

B 

03 


I  S' 

3  o 

P 


CL  >-j 


O) 

jL  ^ 

tr  o 

cn 

P*  03 

3  ^ 
CD  P 

O 

56 

CP  rt 


Qd  H 

^0  P 

H  £ 

^  CD 
>  4^ 
8?  CO 

§  03 

a-  ^ 

o  o 

oo 

cn  cn 

r  "• 

s  I 

*1  2 

gr  p’ 

o  ff. 

03  Q 

P-  P 

CD  a) 

P  P* 
cn  P 

Pi  i-] 

P  03 

x  3 

p  x? 

£  CD 

^  P 

cn  cn 

P-  P 

CD  J5 

03 


co 

p 

*-i 


P-  P 

p  03 


M  CT 
x  O 
0q‘  S 
C3  O 

5i  3 

o 

g  3 

g.  g 
sf  3 

CO  § 
oi  S- 

S5  “ 

o  ^ 

g  8 

CL  t-j 

03  03 

P  £ 
o  sT 
o  to 

?T  ^ 
^  cT 

L£-  x 
x 

>— ■  •  \ _ - 

X 


o 


03 


03 

m  c/3 

H  O 

^  b 

-  03 
X 


o 

o 

x 
X 

I  n 
X  p 

P-  O 
0^  CD 

^  PC 

P"  03 

03  P 
p  c+ 

^  T1 

Pb  b 
P  P 
X  « 


p*"  ^ 

O  g- 

X  P 
<m  Qrq 

H-J 

P  co 

^  CO 

^  I 

^  p- 

p  ^ 

CL  O 

o  ^ 

03  P 
X  X 
X 


5  P 

p  p 

P*  b 
P  O 

►0  o 


B 


03  C 

P  P 

a  s 
^  w 
56  o 

S  ^ 

*  cn 

P- 

03 


P*  Pi 

S  £? 

.  03 

^  CL 

S'  g- 
3  R 

cn  P 
P-  * 

^  H 
a-  0^ 

X 

2-  cr 

p 

03  ? 

<-  Pi 

b  g- 

03  P 
*  P 
O  x 
*-n>  Q 

tr  3: 

03  b 


p 

p 

CL 

o 


cn  o 
0  X 
CL  ™ 
cn  CO 

c  cr 

cn  JL 

0  *-nj 

B  EC 

XJ  03 
03  P 
*-j  rn 

S’  2 

•n  P 

03  X 

P"  H 

g  ? 

(W  ® 

®  b 

.  P 

Ee  p 

to  CL 


b 

o 


cl 

03 

<' 

P* 


tc  § 

h  3 


Co 

o  cn 
•q°  ^ 


194 


Table  4.4:  Correlation  of  Surface  Heat  Flux  with  Wind  Stress  at  MVCO,  2001  2007. 
Correlation  coefficient  r  of  low-pass  filtered  net  surface  heat  flux  Qs  with  low-pass 
filtered  along-shelf  wind  stress  or  cross-shelf  wind  stress.  Minimum  r  for  significance 
with  95%  confidence  is  in  parentheses. 


Along-Shelf  Wind  Stress 

Cross-Shelf  Wind  Stress 

r  (rs) 

r  (rs) 

summer 

0.23  (0.09) 

-0.46  (0.09) 

winter 

-0.42  (0.08) 

-0.40  (0.08) 
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Table  4.5:  Mean  Wind  Stress  (units  Pa).  Positive  indicates  upwelling-favorable  and 
offshore- ward. 


Along-Shelf  Wind  Stress 

Cross-Shelf  Wind  Stress 

CBLAST  2003 

SWWIM  I 

CBLAST  2003 

SWWIM  I 

Node 

0.004 

0.02 

-0.008 

0.03 

F 

0.002 

0.02 

-0.009 

0.03 
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Chapter  5 


Conclusions 


In  this  thesis,  the  water  circulation  and  the  evolution  of  water  temperature  over  the 
inner  continental  shelf  south  of  Martha’s  Vineyard,  Massachusetts,  are  investigated 
with  time  series  of  water  velocity,  temperature,  density,  and  bottom  pressure;  surface 
gravity  wave  characteristics;  wind  stress;  and  heat  flux  between  the  ocean  and  at¬ 
mosphere  calculated  from  observations  during  2001-2007,  along  with  simple  models. 
The  key  questions  addressed  are 

1 .  What  are  the  dominant  processes  that  drive  cross-shelf  circulation  on  time  scales 
of  days  to  months  over  the  inner  continental  shelf  off  New  England? 

2.  Which  dynamical  balances  are  dominant  over  this  inner  shelf? 

3.  What  are  the  mechanisms  that  control  water  temperature  over  the  inner  shelf? 

Six-year-long  time  series  of  wind  stress,  dominant  wave  height  and  period,  and 
water  velocity  profiles  from  an  underwater  cabled  coastal  observatory  in  12  m  water 
depth  south  of  Martha’s  Vineyard  are  used  to  determine  the  separate  dependence 
of  the  cross-shelf  velocity  profile  on  cross-shelf  winds  and  along-shelf  winds.  During 
small  waves,  cross-shelf  wind  stresses  are  the  dominant  mechanism  driving  the  cross¬ 
shelf  circulation  and  exchange  on  this  inner  shelf,  as  in  Figure  2-14,  bottom.  The 
along-shelf  wind  stress  does  not  drive  a  substantial  cross-shelf  circulation,  in  contrast 
to  mid-shelf  (Figure  2-14,  top).  This  is  likely  true  in  a  wide  variety  of  inner  shelf 
locations. 
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The  observed  cross-shelf  velocity  profiles  and  cross-shelf  transport  in  the  surface 
layer  during  winter  roughly  agree  with  a  simple  two-dimensional,  unstratified  model 
of  cross-shelf  wind  stress  forcing.  The  cross-shelf  velocity  profile  is  more  vertically 
sheared,  and  the  surface  layer  transport  stronger,  in  summer  than  in  winter  for  a 
given  offshore  wind  stress. 

When  waves  are  large,  the  Eulerian  cross-shelf  circulation  is  no  longer  roughly  sym¬ 
metric  in  the  wind  direction.  During  large  waves  and  onshore  winds  the  cross-shelf 
velocity  profile  is  nearly  vertically  uniform,  because  the  wind-  and  wave-driven  shears 
cancel.  In  contrast,  during  large  waves  and  offshore  winds  the  profile  is  strongly  ver¬ 
tically  sheared,  because  the  wind-  and  wave-driven  shears  have  the  same  sign.  Waves 
also  lead  to  a  large  difference  between  the  Eulerian  circulation  and  the  estimated  La- 
grangian  transport  of  nutrients,  plankton,  heat,  salt,  and  pollutants  during  combined 
wind  and  wave  forcing.  The  estimated  Lagrangian  velocity  profile  in  winter  is  similar 
to  the  wind-driven  part  of  the  Eulerian  circulation  alone,  as  if  the  waves  were  not 
present,  because  the  contribution  of  wave-driven  Stokes’  drift  to  the  Lagrangian  pro¬ 
file  approximately  cancels  the  contribution  of  waves  to  the  Eulerian  circulation.  The 
relative  importance  of  wave,  cross-shelf  wind,  and  along-shelf  wind  forcing  depends 
on  water  depth,  wave  height,  and  wind  strength.  The  answer  to  Question  1  above  is 
that  cross-shelf  wind  and  surface  gravity  waves  are  the  dominant  forcing  mechanisms 
for  cross-shelf  circulation  over  this  inner  shelf. 

The  subtidal,  depth- average  cross-shelf  momentum  budget  at  MVCO  is  not  geo- 
strophic,  as  would  be  expected  at  mid-shelf.  Instead,  the  inner  shelf  is  a  region  where 
multiple  dynamical  balances  are  (sometimes  simultaneously)  important:  geostrophy 
and  coastal  setup  and  set-down  due  to  the  cross-shelf  wind.  In  winter,  the  Coriolis 
term  and  cross-shelf  pressure  gradient  at  the  12-m  isobath  are  substantial  and  sig¬ 
nificantly  correlated,  as  in  a  pure  geostrophic  balance  at  mid-shelf.  At  other  times, 
particularly  in  summer,  the  cross-shelf  wind  stress  and  cross-shelf  pressure  gradient 
are  positively  correlated,  consistent  with  coastal  set-up  and  set-down  driven  by  the 
cross-shelf  wind  stress.  The  estimated  momentum  flux  divergence  due  to  shoaling 
surface  gravity  waves  is  also  a  leading-order  term  in  the  budget,  but  is  not  correlated 
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with  the  cross-shelf  pressure  gradient,  in  contrast  to  what  is  expected  for  set-down 
due  to  shoaling  waves  outside  the  surf  zone.  It  is  likely  that  the  pressure  gradient 
due  to  wave-driven  set-down  occurs  over  a  spatial  scale  too  small  to  resolve  with 
these  observations.  The  wave  radiation  stress  gradient  and  cross-shelf  wind  stress 
are  important  at  the  same  time  for  onshore  winds,  and  both  contribute  to  making 
the  cross-shelf  momentum  balance  ageostrophic.  The  other  estimated  terms  in  the 
cross-shelf  momentum  budget  are  at  least  an  order  of  magnitude  weaker  than  the 
dominant  terms. 

The  along-shelf  momentum  budget  is  more  complex  than  the  cross-shelf.  No 
estimated  term  is  negligible.  The  main  balance  is  between  the  wind  stress  and  pressure 
gradient.  The  bottom  stress,  acceleration,  Coriolis,  Hasselmann  wave  stress,  and 
nonlinear  advection  terms,  although  of  secondary  importance,  are  about  half  as  large 
as  the  pressure  gradient.  This  is  in  contrast  to  the  cross-shelf  budget,  in  which  the 
secondary  terms  are  an  order  of  magnitude  smaller  than  the  three  or  four  dominant 
terms.  The  along-shelf  pressure  gradient  is  consistent  with  a  local  sea  level  response  to 
wind  forcing,  rather  than  being  dominated  by  a  remotely  generated  pressure  gradient. 
There  is  a  strong  relation  between  the  along-shelf  depth-average  flow  and  the  along- 
shelf  wind  stress.  This  may  be  due  to  along-shelf  accelerations  caused  by  the  time- 
varying  imbalance  between  wind  stress  and  along-shelf  pressure  gradient,  combined 
with  a  bottom  stress  that  is  approximately  linearly  related  to  the  along-shelf  subt.idal 
flow.  The  answer  to  Question  2  above  is  that  in  the  cross-shelf  direction,  dynamical 
balances  usually  associated  with  the  surfzone  (wave-driven  coastal  set-down)  and  with 
the  mid-shelf  (geostrophy),  as  well  as  a  balance  unique  to  the  inner  shelf  (coastal  set¬ 
up  and  set-down  by  the  cross-shelf  wind)  are  all  important  over  this  inner  shelf;  in 
the  along-shelf  direction,  the  main  balance  is  between  the  wind  stress  and  pressure 
gradient,  similar  to  mid-shelf  sites  in  this  region. 

The  measurements  of  along-shelf  density  gradient  available  for  this  study  were 
mainly  collected  during  summer,  when  the  wind  forcing  and  wave  forcing  are  rela¬ 
tively  weak.  Measurements  of  the  along-shelf  density  gradient  during  strong  winter 
forcing  would  likely  help  to  resolve  which  secondary  terms  in  the  along-shelf  niomen- 
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turn  budget  are  the  most  important.  Sea-level  displacements  over  horizontal  scales 
too  small  to  resolve  with  these  observations  seem  to  be  leading  to  dynamically  impor¬ 
tant  pressure  gradients  in  both  the  along-shelf  and  cross-shelf  directions.  The  wave 
radiation  stress  gradient  and  the  amount  of  wave  dissipation  over  the  inner  shelf 
are  also  very  uncertain.  It  will  be  important  in  future  studies  to  measure  pressure 
gradients  and  spatial  variations  in  wave  characteristics  on  smaller  scales. 

On  time  scales  of  weeks  to  months  in  summer,  the  water  over  this  inner  shelf 
is  persistently  cooled  due  to  a  mean  upwelling  circulation  combined  with  vertical 
temperature  stratification.  The  cross-shelf  heat  flux  nearly  balances  the  surface  heat 
flux  throughout  mid-summer,  so  the  water  temperature  is  almost  constant  in  spite 
of  strong  surface  heating  (Figure  4-12,  top).  The  along-shelf  heat  flux  divergence, 
though  not  estimated  directly,  is  apparently  small.  In  winter,  the  heat  balance  is 
more  one-dimensional  at  both  sites,  with  the  surface  heat  loss  and  the  change  in  water 
column  heat  content  closer  to  equal  and  the  cross-shelf  heat  flux  small  (Figure  4-12, 
bottom).  In  spring,  the  transition  from  a  one-dimensional  to  a  more  complex  heat 
balance  occurs  earlier  at  the  shallower  site.  The  heat  transport  due  to  surface  gravity 
waves  (Stokes’  drift)  is  included  in  the  heat  budget,  to  our  knowledge  for  the  first 
time,  and  is  substantial  in  both  12-  and  27-m  water  depth. 

On  time  scales  of  a  few  days,  during  stratified  conditions  all  the  heat  balance 
terms  are  important  at  the  shallow  site:  cross-shelf  heat  flux,  change  in  local  water 
column  heat  content,  and  also  the  surface  heat  flux,  due  to  the  small  water  depth. 
At  the  deeper  site,  surface  heat  flux  is  less  important  on  synoptic  time  scales  but  the 
cross-shelf  heat  flux  and  local  change  in  temperature  are  substantial  during  stratified 
conditions.  The  fluctuating  part  of  the  cross-shelf  heat  flux  is  correlated  with  the 
along-shelf  wind  stress  at  the  deeper  site,  but  with  the  cross-shelf  wind  stress  at  the 
shallower  site.  During  unstratified  conditions,  cross-shelf  heat  flux  is  negligible  in  the 
synoptic  heat  balances,  while  the  surface  heat  flux  is  an  important  term,  particularly 
at  the  shallower  site.  The  residual  in  the  synoptic  heat  budget  is  large  in  all  cases  and 
probably  indicates  that  along-shelf  heat  flux  divergence  is  important  on  time  scales 
of  days  in  all  seasons,  even  though  its  influence  on  time  scales  of  weeks  to  months  in 
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summer  is  small. 


The  cross-shelf  heat  flux  on  time  scales  of  weeks  to  months  at  the  shallow  site  in 
summer  agrees  well  with  a  simple  two-layer  model  in  which  the  cross-shelf  velocity 
(including  the  Stokes’  drift)  is  constant  in  time,  with  offshore  flow  near  the  surface 
and  onshore  flow  near  the  bottom.  The  temperature  profile  adjusts  so  that  the  inner 
shelf  heat  content  is  in  a  quasi-steady  state,  with  the  slowly-evolving  surface  heating 
and  cross-shelf  advection  balancing  on  time  scales  longer  than  the  flushing  time  for 
the  volume,  a  few  days.  This  is  very  different  from  previous  continental  shelf  heat 
budgets  off  the  East  Coast  of  the  United  States,  in  which  the  surface  heating  and 
change  in  water  temperature  tend  to  balance  on  long  time  scales  in  summer.  The 
answer  to  Question  3  above  is  that  the  dominant  mechanisms  controlling  the  water 
temperature  over  this  inner  shelf  on  seasonal  time  scales  are  surface  heat  flux  (in  both 
summer  and  winter)  and  cross-shelf  heat  transport  (in  summer),  though  along-shelf 
heat  transport  seems  to  be  important  on  shorter  time  scales;  also,  heat  transport  due 
to  surface  gravity  waves  is  not  negligible. 

The  results  of  this  study  are  applicable  to  the  inner  shelf  regions  of  broad,  shallow, 
highly  productive  shelves,  where  wind-,  wave-,  and  buoyancy-driven  circulation  can  all 
be  important.  Although  several  previous  authors  have  noted  cross-shelf  circulations 
driven  by  the  cross-shelf  wind,  this  is  the  first  comprehensive  study  of  the  form  of  the 
response  of  the  circulation  as  a  function  of  the  strength  of  the  cross-shelf  wind  stress. 
This  is  also  the  first  observational  study  to  demonstrate  that  surface  gravity  waves 
have  a  substantial  influence  on  the  heat  budget  of  the  inner  continental  shelf. 

Recent  theoretical  and  numerical  modeling  studies  have  considered  the  effects  of 
surface  gravity  waves  on  the  transport  of  heat,  momentum,  and  other  tracers  within 
the  Generalized  Lagrangian  Mean  framework  ( e.g .,  Ardhuin  et  ah,  2007).  Because 
observations  of  coastal  circulation  and  tracer  transport  are  usually  made  in  an  Eu- 
lerian  framework,  however,  in  future  it  will  be  important  to  consider  how  the  new 
theoretical  and  numerical  model  predictions  can  be  accurately  tested  by  observational 
studies. 
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The  main  message  of  this  thesis  is  that  future  observational  and  model  studies 
of  inner  continental  shelves  should  consider  the  effects  of  cross-shelf  wind  stress  and 
surface  gravity  wave  forcing,  even  well  outside  the  surfzone.  An  understanding  of 
the  roles  of  cross-shelf  winds  and  waves  in  driving  the  circulation  over  the  continental 
shelves  is  a  prerequisite  for  understanding  the  function  of  continental  shelf  ecosystems 
and  the  transport  of  pollutants,  heat,  salt,  and  other  tracers  of  local  and  global 
importance,  such  as  dissolved  carbon,  on  the  continental  shelf. 
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Appendix  A 


Adjustment  of  Wind  Stress 


Because  the  MVCO  meteorological  masts  Met  A  and  Met  B  are  on  land  (Figure  2- 
2),  the  wind  velocity  measured  at  the  masts  is  not  a  good  representation  of  the 
wind  velocity  over  the  water,  particularly  when  the  wind  is  blowing  from  the  north 
(from  land  toward  the  ocean).  A  shorter  time  series  of  wind  velocity  is  available 
from  the  MVCO  Air-Sea  Interaction  Tower  (ASIT),  which  is  located  on  the  15-m 
isobath  (Figure  2-2).  The  ASIT  wind  stress  time  series  covers  2  August  2004  through 
10  May  2007,  with  gaps  (53%  data  coverage). 

To  form  a  longer  time  series  representative  of  wind  stress  over  the  water,  we 
linearly  adjusted  the  wind  stresses  from  Met  A  and  Met  B  based  on  linear  regressions 
against  the  ASIT  wind  stress  for  each  10°  interval  of  wind  stress  direction  (Figures  A- 
l-A-4).  We  adjusted  the  true  eastward  and  northward  components  of  wind  stress 
separately  to  allow  for  variations  in  both  wind  stress  angle  and  magnitude  between 
the  ASIT  and  land-based  time  series.  For  example,  the  adjusted  eastward  wind  stress 
component  at  Met  A,  rAa,  was  calculated  as 

TAa=aTA  +  b  (A-1) 

where  ta  is  the  eastward  wind  stress  component,  calculated  from  observations  at 
Met  A,  and  a  and  b  are  the  best- fit  slope  and  intercept  from  the  linear  regression  of 
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the  ASIT  wind  stress  against  Met  A,  for  a  given  wind  stress  direction  at  Met  A: 


tasit  ~  aTA  +  b  (A. 2) 

The  regression  slopes  are  between  1  and  3  (1  and  10),  and  the  intercepts  between  - 
0.01  and  0.03  Pa  (-0.02  and  0.04  Pa)  for  Met  A  (B),  with  the  largest  slopes  for  angles 
at  which  the  wind  is  blowing  from  land  to  sea  (Figures  A-l-A-4,  open  circles).  We 
estimated  slopes  and  intercepts  for  angles  with  correlation  coefficient  at  least  0.5 
between  the  two  time  series,  and  linearly  interpolated  those  slopes  and  intercepts  to 
cover  all  wind  stress  directions.  The  adjusted  Met  A  and  Met  B  time  series,  when 
regressed  against  the  ASIT  wind  stress,  have  slopes  near  1  and  intercepts  near  zero 
(Figures  A-l-A-4,  black  squares). 

We  then  combined  the  adjusted  Met  A  and  Met  B  time  series,  using  Met  A  when 
available  because  it  is  closer  to  the  water,  and  Met  B  otherwise.  The  final  combined 
wind  stress  time  series  has  a  regression  slope  near  1,  intercept  less  than  0.01  Pa,  and 
correlation  coefficient  greater  than  0.8  (mostly  >  0.9)  compared  to  ASIT  for  all  wind 
stress  directions  (Figure  A-5). 

We  constructed  a  long  wind  velocity  time  series  at  12.5  m  above  sea  level  by 
using  the  Smith  (1988)  bulk  formula  for  wind  stress  with  the  default  air  density 
(1.22  kg  m-3)  and  air  temperature  (10°C)  to  infer  wind  velocity  from  the  adjusted 
wind  stress  time  series.  We  used  that  wind  velocity  to  calculate  the  bulk  surface  heat 
flux. 

The  results  for  cross-shore  volume  transport  as  a  function  of  cross-shore  and  along¬ 
shore  wind  stress  are  not  significantly  different  at  the  95%  confidence  level  when  calcu¬ 
lated  with  the  ASIT  or  the  combined,  adjusted  wind  stress  time  series,  for  the  periods 
when  both  wind  stress  time  series  are  available  (Figures  A-6  and  A-7).  Therefore, 
we  do  not  think  the  results  presented  in  this  manuscript  are  artifacts  of  the  adjusted 
wind  stress  time  series. 
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eastward  wind  stress,  AS  IT  vs.  Met  A 


regression  slope 


direction  wind  going  at  Met  A  (°E) 
correlation  coefficient,  r 


Figure  A-l:  Linear  regression  slope  and  intercept  and  correlation  coefficient  for  the 
eastward  wind  stress  component  at  ASIT  regressed  against  the  eastward  wind  stress 
component  at  Met  A  (see  Figure  2-2  for  wind  measurement  locations).  Open  circles: 
with  original  20-min  data.  Black  squares:  after  linearly  adjusting  Met  A  to  match 
ASIT  as  described  in  Appendix  A.  “x”  symbols  in  lower  panel  indicate  minimum 
correlation  that  is  significant  at  the  95%  confidence  level. 
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northward  wind  stress,  ASIT  vs.  Met  A 


regression  slope 


direction  wind  going  at  Met  A  (°E) 
intercept 


direction  wind  going  at  Met  A  (°E) 


Figure  A-2:  Same  as  Figure  A-l,  but  for  northward  wind  stress  component  at  Met  A. 
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eastward  wind  stress,  ASIT  vs.  Met  B 
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Figure  A-3:  Same  as  Figure  A-l,  but  for  eastward  wind  stress  component  at  Met  B. 


207 


northward  wind  stress,  ASIT  vs.  Met  B 
regression  slope 


direction  wind  going  at  Met  B  (  E) 
correlation  coefficient,  r 


Figure  A-4:  Same  as  Figure  A-l,  but  for  northward  wind  stress  component  at  Met  B. 
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wind  stress  magnitude,  ASIT  vs.  final  adjusted  combined  Met  A  and  Met  B 


regression  slope 


intercept 


direction  wind  going,  combined  time  series  (  E) 
correlation  coefficient,  r 
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Figure  A-5:  Same  as  Figure  A-l,  but  for  wind  stress  magnitude  of  the  final  combined 
time  series  of  wind  stress  from  adjusted  Met  A  and  Met  B. 
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Figure  A-6:  Same  as  Figure  2-9,  but  with  ASIT  wind  stress  (red)  and  adjusted  wind 
stress  from  shore  masts  (black),  using  only  times  when  both  wind  stress  time  series 
are  available. 
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Figure  A-7:  Same  as  Figure  2-10,  but  with  ASIT  wind  stress  (red)  and  adjusted  wind 
stress  from  shore  masts  (black),  using  only  times  when  both  wind  stress  time  series 
are  available. 
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Appendix  B 


Correction  of  TidbiT  Temperatures 


During  SWWIM  I,  at  times  when  the  MicroCATs  at  Node  and  F  indicated  the  water 
column  was  well-mixed  in  temperature,  the  TidbiT  sensor  readings  deviated  from  the 
MicroCAT  readings.  The  deviation  was  approximately  a  linear  function  of  ambient 
temperature  for  each  TidbiT.  TidbiTs  are  less  accurate  and  have  coarser  temperature 
resolution  than  MicroCATs,  according  to  the  manufacturers’  specifications.  Conse¬ 
quently,  we  applied  a  linear  correction  to  the  temperature  output  from  each  TidbiT, 
determined  by  regressing  the  TidbiT  temperature  against.  MicroCAT  temperatures 
linearly  interpolated  to  the  TidbiT  position.  To  calculate  the  regression  coefficients, 
we  used  only  times  when  the  water  column  was  well-mixed  within  0.05°C  according 
to  the  MicroCATs.  The  resulting  linear  corrections  are  given  in  Table  B.l;  the  slopes 
are  between  0.992  and  0.998,  and  the  intercepts  are  between  -0.04  °C  and  0.23  °C. 
The  results  presented  here  do  not  change  substantially  if  we  instead  use  only  the 
MicroCATs  and  not  the  TidbiTs  to  calculate  the  heat  budget  terms. 
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Table  B.l:  SWWIM  I  TidbiT  Corrections 


Mooring 

Instrument  Depth  (m) 

Corrected  Temperature 

Node 

2.15 

0.996  Tmeasured  +  0.067  °C 

Node 

3.15 

0.995  Tmeasured  +  0.070  °C 

Node 

4.15 

0.996  Tmeasured  +  0.026  °C 

Node 

5.15 

0.997  Tmeasured  +  0.035  °C 

Node 

6.15 

0.995  Tmeasured  +  0.215  °C 

Node 

7.15 

0.996  Tmeasured  —  0.041  °C 

Node 

8.15 

0.995  Tmeasured  +  0.058  °C 

Node 

9.15 

0.996  Tmeasured-  0.014  °C 

Node 

10.15 

0.997  Tmeasured  ~  0.015  °C 

Node 

10.90 

0.997  Tmeasured  ~  0.029  °C 

F 

2.3 

0.992  Tmeasurec[  +  0.162  °C 

F 

5.3 

0.995  Tmeasurec[  +  0.232  °C 

F 

9.8 

0.993  Tmeasure(i  +  0.059  °C 

F 

14.7 

0.993  Tmeasure(i  +  0.165  °C 

F 

19.2 

0.993  Tmeasured  +  0.159  °C 

F 

22.6 

0.992  Tmeasure(i  +  0.105  °C 

212 


Appendix  C 


Calculation  of  Heat  Budget  Terms 
from  Observations 


We  use  the  20-min  average  data  to  represent  all  wave-averaged  quantities.  The  dom¬ 
inant  wave  period  is  on  the  order  of  5  sec,  so  a  20-min  average  is  an  average  over 
approximately  250  wave  periods.  For  vertical  integrals  (including  Eq.  (4.5)),  we  used 
a  trapezoidal  estimate  except  in  Section  C.3,  and  we  extrapolated  the  observations  to 
the  surface  and  bottom  by  assuming  the  temperature  and  velocity  were  constant  ver¬ 
tically  between  the  near-bottom  instrument  and  the  sea  floor,  and  between  the  near¬ 
surface  instrument  and  the  water  surface.  There  is  no  substantial  change  in  the  results 
if  a  linear  extrapolation  to  the  surface  and/or  bottom  is  used  instead.  To  estimate 
h(x),  we  used  the  National  Geophysical  Data  Center  (http://www.ngdc.noaa.gov) 
high-resolution  bathymetry  linearly  interpolated  onto  a  grid  with  50-m  spacing  in 
the  x  direction.  Note  that  local  curvature  of  the  isobaths  (Figure  4-3)  and  result¬ 
ing  variations  in  the  true  along-shelf  and  cross-shelf  coordinate  directions  may  cause 
inaccuracy  in  the  calculation  of  the  temperature  gradients  by  mapping  part  of  the 
cross-shelf  temperature  gradient  onto  the  along-shelf  gradient  estimated  here,  and 
vice  versa. 
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C.l  Surface  Heat  Flux 


The  surface  heat  flux  Qs  was  calculated  at  each  mooring  location  with  the  Fairall 
et  al.  (2003)  bulk  algorithms.  The  wind  speed,  air  temperature,  relative  humidity, 
air  pressure,  and  downward  shortwave  and  longwave  radiation  were  obtained  from 
the  MVCO  shore  masts.  The  sea-surface  temperature  was  approximated  by  the  near¬ 
surface  water  temperature  measured  at  the  mooring  site.  When  the  near-surface  water 
temperature  was  not  available  at  the  Node,  the  near-bottom  water  temperature  was 
used  instead  (to  construct  the  long  time  series  of  net  surface  heat  flux  for  2001-2006 
in  Figure  4-6).  We  estimate  the  uncertainty  in  the  low-pass  filtered  net  surface  heat 
flux  to  be  ±8  W  irT2  based  on  the  daily  average  heat  flux  error  values  found  by 
Colbo  and  Weller  (2007).  This  does  not  include  errors  in  the  surface  heat  flux  due  to 
uncertainties  in  the  coefficients  in  the  bulk  formulae. 

When  the  surface  heat  flux  is  integrated  in  time  to  yield  a  prediction  for  the  water 
column  temperature  according  to  Eq.  4.4,  there  is  an  unknown  constant  of  integra¬ 
tion  (the  predicted  initial  water  temperature).  To  plot  the  predicted  temperature 
during  CBLAST  2003,  we  calculated  a  best-fit  sinusoidal  annual  cycle  of  near-surface 
temperature  at  each  mooring  based  on  the  near-surface  temperature  measurements 
from  CBLAST  2003  and  SWWIM  I,  then  used  that  year-long  sine  curve  of  SST  to 
calculate  a  net  surface  heat  flux  using  the  MVCO  meteorological  data,  then  aligned 
that  yearly  cycle  to  the  sinusoidal  temperature  cycle  on  March  11  when  the  observed 
surface  heat  flux  changes  sign  for  the  year  (thin  red  lines  in  Figure  4-10),  then  plot¬ 
ted  the  CBLAST  2003  (SWWIM  I)  prediction  (thick  red  line  in  Figure  4-10)  starting 
from  the  yearly  cycle  value  at  the  beginning  (end)  of  the  deployment,  matching  mean 
values  over  10  days. 


C.2  Surface  Heating  for  3-D  Budget 

Hs  was  estimated  from  Eq.  (4.10)  for  the  3-D  temperature  balance  by  assuming  the 
surface  heat  flux  Qs  varies  linearly  in  the  x  direction,  and  then  estimating  Qs(x,t ) 
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from  the  values  calculated  for  the  Node  and  F.  The  distance  L  between  each  mooring 
and  the  coast  was  estimated  using  the  latitude  and  the  longitude  of  the  mooring,  the 
latitude  of  the  coast,  and  the  principal  axis  direction  for  that  mooring. 


C.3  Observed  Temperature  for  3-D  Budget 

The  observed  average  temperature  of  the  wedge-shaped  volume  is  defined  in  Eq.  (4.7) 
and  was  estimated  by  using 


(C.l) 


for  the  area  of  the  wedge.  During  times  when  temperature  data  were  available  at  both 
Node  and  F  (during  the  SWWIM  I  deployment  and  latter  part  of  CBLAST  2003) 
the  temperature  of  the  wedge  onshore  of  each  mooring  was  calculated  by  linearly 
extrapolating  the  temperature  data  from  Node  and  F  into  the  region  onshore  of 
the  Node,  and  linearly  interpolating  temperature  along  the  bottom  between  Node 
and  F.  During  times  when  temperature  data  were  only  available  at  F  (beginning  of 
CBLAST  2003),  the  temperature  onshore  of  F  was  estimated  by  assuming  horizontal 
isotherms  and  then  adding  a  positive  temperature  offset  equal  to  the  offset  between 
the  two  methods  at  the  time  when  Node  temperature  data  first  became  available. 

C.4  Cross-Shelf  Advective  Heat  Flux  Divergence 

The  observed  cross-shelf  heat  flux  divergence  was  calculated  in  two  parts:  H*frc  and 
H*saves,  as  in  Eq.  (4.14).  H%>rc,  the  rate  of  change  of  heat  content  in  the  wedge  due 
to  onshore  heat  transport  by  the  depth-varying  part  of  the  cross-shelf  circulation 
observed  by  the  ADCP,  was  calculated  from  Eq.  (4.12).  Only  the  depth-varying  part 
of  u  affects  H^src  because  the  depth-average  part  of  u  integrates  to  zero  by  definition 
when  multiplied  by  the  depth- varying  part  of  the  temperature  profile,  which  is  the  T 
that  appears  in  Eq.  4.12  due  to  the  introduction  of  the  reference  temperature  (T) , 
(see  Appendix  D).  The  introduction  of  the  reference  temperature  avoids  two  problems 
described  by  Montgomery  (1974):  the  arbitrary  zero  of  the  temperature  scale  and  our 
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inability  to  resolve  changes  in  heat  content  due  to  changes  in  the  water  volume  in 
the  wedge  [now  included  in  Has,  Eq.  (4.15),  and  not  considered  here]  as  opposed  to 
changes  in  heat  content  due  to  the  depth-varying  part  of  the  circulation  (which  does 
not  change  the  volume  of  the  wedge). 

H waves'  ^e  rate  of  increase  of  heat  content  in  the  wedge  due  to  onshore  heat 
transport  by  the  correlated  fluctuations  of  temperature  and  velocity  induced  by  the 
waves,  was  calculated  from  Eq.  (4.13)  by  using  Eq.  (D.40)  to  estimate  ust  from  the 
observed  dominant  wave  period  and  significant  wave  height. 


C.5  Along-Shelf  Advective  Heat  Flux  Divergence 

We  can  estimate  the  part  of  the  along-shelf  advective  heat  flux  divergence  Has 
[Eq.  (4.15)]  onshore  of  the  Node  due  to  advection  of  the  along-shelf  temperature 
gradient  dT '/dy, 

H%»  =  J  J°v§-u{T-{T)L-)dzdz  (C  2) 

where  L  is  the  cross-shelf  position  of  the  Node  mooring,  by  using  moorings  T1  and 
T2  to  estimate  the  along-shelf  temperature  gradient.  Those  moorings  were  deployed 
on  approximately  the  15-m  isobath  (Figure  4-3).  If  we  assume  the  along-shelf  velocity 
as  a  function  of  a  decreases  linearly  from  its  value  at  the  Node  to  v  =  0  at  x  —  0, 
then 

v  (x,a,t)  =  v(L,cr,t)y  (C.3) 

and  if  we  assume  the  along-shelf  temperature  gradient  (as  a  function  of  a  =  z/h)  is 
constant  in  x ,  then 

dT  .  dT  .  .  s 

dy^X,a,t^=  dy^h=15  m’*7’*)  (c-4) 

Using  the  fact  that  (T)i  is  a  function  only  of  t,  and  changing  coordinates  from  2  to 
a  in  the  vertical  integral, 

fL  x  f°  dT 

HZv  =  Jo  ih(x)  J  ^{L,a,t)—(x\h=l5m,a,t,)  dadx  (C.5) 
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The  vertical  integral  was  estimated  by  interpolating  v  and  T  onto  a  common  a  grid, 
using  the  longitudes  of  T1  and  T2  to  calculate  the  distance  Ay  between  those  two 
moorings,  and  then  estimating  dT/dy  as 


dT  T[T2  -  T |ri 
dy  Ay 


(C.6) 


The  remainder  of  the  along-shelf  heat  flux  divergence,  the  contribution  from  diver¬ 
gence  in  the  along-shelf  velocity,  cannot  be  estimated  observationally.  Measurements 
of  the  along-shelf  velocity  gradient  were  not  made  during  CBLAST  2003  or  SWWIM  I. 


217 


Appendix  D 


Derivation  of  3-D  Temperature 
Balance  with  Waves 


We  derive  a  temperature  balance  equation  for  a  wedge-shaped  volume  that  extends 
from  the  shore  at  x  =  0  to  a  mooring  at  x  =  L,  from  the  mean  water  surface  at  2  =  0 
to  the  bottom  at  2  =  —h(x),  and  1  m  in  the  along-shelf  direction.  The  derivation 
closely  follows  those  of  Lentz  (1987),  Lentz  and  Chapman  (1989),  Dever  and  Lentz 
(1994),  and  Austin  (1999),  but  is  extended  to  include  the  effects  of  surface  gravity 
waves.  The  additional  temperature  balance  terms  due  to  the  waves  are  equivalent  to 
those  in  the  tracer  transport  equation  found  by  McWilliams  et,  al.  (2004). 

We  separate  the  full  water  velocity  u  into  a  contribution  due  to  the  surface  gravity 
waves,  u',  and  a  contribution  due  to  the  “wave-averaged”  flow,  u: 


(D.l) 


u  =  u  +  u 


where  the  overbar  indicates  a  time  mean  over  a  wave  period  Tw,  using  the  notation 


(D.2) 


for  any  variable  b.  We  define  the  wave-fluctuating  component  of  any  quantity  b  as 
b'  =  b  —  b.  Then  u  varies  only  on  time  scales  that  are  long  compared  to  a  wave  period. 
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D.l  Velocity  due  to  Surface  Gravity  Waves 


In  order  to  calculate  the  water  velocity  induced  by  the  surface  gravity  waves,  we 
use  the  results  of  linear  wave  theory  ( e.g LeBlond  and  Mysak,  1978).  The  surface 
displacement  due  to  the  waves  is 

r/(x,  y,  t)  =  a(x)  cos  (k  •  x  —  ut  +  </>)  (D.3) 


where  a(x)  is  the  wave  amplitude,  k  is  the  wave  vector,  u  is  the  angular  wave  fre¬ 
quency,  t  is  time,  and  4>  is  an  arbitrary  phase.  The  horizontal  component  of  the  water 
velocity  due  to  wave  fluctuations  is 

Uh(x,  y,  z,  t )  =  kw77(z,  V ,  t)ojG(z)  (D.4) 


where  kw  is  a  unit  wave  vector  and 


G(z) 


cosh  [k  (z  +  h )] 
sinh  kh 


(D.5) 


where  k  is  the  wavenumber.  The  vertical  component  of  the  water  velocity  due  to 
wave  fluctuations  is 


w'(x,  y,  z,  t) 


drjjx^y^t) 

dt 


F(z) 


(D.6) 


where 


F(z) 


sinh  [fc  (z  +  h )] 
sinh  kh 


(D.7) 


so  that 


dr] 

dt 


(D.8) 


We  assume  the  wave  amplitude  a  varies  slowly  in  the  x  direction  due  to  shoaling, 
but  is  constant  over  spatial  scales  of  the  order  of  one  wavelength  A  =  2ir/k  so  that 
the  above  equations  hold  at  any  one  point  in  space.  To  determine  how  the  wave 
amplitude  changes  as  the  waves  shoal,  we  assume  no  dissipation  of  wave  energy  so 
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the  wave  energy  flux  is  constant: 


cgE  =  constant 


(D-9) 


where  cg  is  the  wave  group  velocity  and  E  =  poga2/ 2  is  the  wave  energy  per  unit 
volume.  For  a  monochromatic  wave,  the  wave  amplitude  and  significant  wave  height 
Hsig  are  related  by 

(DIO) 


L7  2 
9  n  sig 

a  =  S 


8 


Then  by  combining  Eq.  (D.9)  and  Eq.  (D.10)  we  can  estimate  Hsig  at  any  x  location 
using  Hsig\n  measured  on  the  12-m  isobath  at  MVCO  and  cg(x )  calculated  from 
linear  wave  theory: 


Hsig(x) 


(D.  11) 


D.2  Temperature  Fluctuations  from  Surface  Grav¬ 
ity  Waves 


We  separate  the  temperature  field  T(x,y,z,t)  into  a  contribution  from  the  surface 
gravity  waves,  T',  and  a  “wave-averaged”  background  temperature  field  T.  We  assume 
that  T'  is  mainly  due  to  advection  of  the  background  vertical  temperature  gradient 
1 17  by  the  vertical  velocity  due  to  the  waves,  w': 


dT'  ,&T  n 
~dt+w~d7~° 


(D.12) 


By  using  Eq.  (D.6),  integrating  in  time  over  a  wave  period  and  neglecting  variations 
of  (j~  on  wave  time  scales,  we  can  solve  for  the  temperature  fluctuations  due  to  waves: 

dT 

T'(x,  y ,  2,  t)  =  -r]F(z)—-  (D.13) 


221 


D.3  Temperature  Balance  Derivation 


The  temperature  balance  equation  including  advection  is 


X7rr\__Ldq 

,  dt  )  p0cp  dz 


(D.14) 


where  q(x ,  y,  z,  t )  represents  sources  of  heat.  Using  the  continuity  equation  V  •  u  =  0, 
Eq.  (D.14)  becomes 


dT 

dt 


+  V  •  (uT) 


1  dq 
PoCp  dz ' 


(D-15) 


Introducing  a  reference  temperature  ( T)i ,  defined  as  the  depth- average  temperature 
at  the  mooring  site  x  =  L  averaged  over  a  wave  period  Tw, 


(D.16) 


(where  ( b )  denotes  the  depth  average  of  any  variable  b)  gives,  since  V  •  (u (T)i)  —  0 
because  ( T)L  is  a  function  of  time  only, 


{£  +  v.[u(r-(r)t)]}  =  ^ 


dq 


p0cp  dz ' 


(D.17) 


Integrating  vertically  from  the  bottom  2  =  —h(x)  to  the  surface  2  =  rj(x ,  y,  t )  gives 

l^+v.[u{T.m])dz  =  ^J^dz.  (D,18) 

Using  V  =  Vh  +  zj^,  where  Vh  =  -I-  y^,  and  using  the  Leibniz  rule  to  move 


the  4-  and  Vh  operators  outside  the  integral,  Eq.  (D.18)  becomes 


d_ 

dt 


f  Td*~%  ■  r  UH  (T  -(T)l)  dz 

-  (V„,)  •  u„  (T  -  (T)l)  +  [VH  (-/*)]  •  uH  (T  -  (T)L)  |j=_„ 

 q\z=t±  ~  q\z=-h 

PoCp 


(D.19) 
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We  apply  the  surface  boundary  conditions 


dr] 

— +  uH  •  Vht?=  w\z=v 


(D.20) 


q\z=tj  ~  Qs  (D.21) 

where  Qs  is  the  net  surface  heat  flux,  and  bottom  boundary  conditions 


W\z=-h  =  ~ uh  ' 


(D.22) 


Q\z=-h  =  0 


(D.23) 


(see  Section  4.5  for  discussion  of  the  validity  of  Eq.  (D.23)).  Then  Eq.  (D.19)  becomes 


d_ 

dt 


f  Tdz  ~  ^?( T)l  +  VH  •  f  uH  (T  -  (T)l)  dz  = 


Qs 


(D.24) 


Taking  the  time  mean  over  a  wave  period  of  each  term  in  Eq.  (D.24)  and  using  the 
approximation 

~pT)  pO  _ 

(D.25) 


v  r° 

bdz  «  / 

-h  J-h 


bdz  +  77  b'\ 


2=0 


for  any  variable  b,  we  have 


I  LTdz  -  °i{T)L +v»  ■  £  u» (T  -  <T>t)  - 


Qs_ 

PoCp 


(D.26) 


B 


Considering  each  term  of  Eq.  (D.26)  separately,  noting  that  b1  =  0  for  any  variable  b, 


A 

B 

C 


d_  f° 

dt  J-h 


Tdz 


=  0 


=  [  uH  [T  -  {T)l)  dz  +  77UH  (T  -  {T)l) 

J-h' - v - '  , _ 


■v 

Cl 


2=0 


(D.27) 

(D.28) 

(D.29) 


C2 
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Cl  =  (uH  +  u'„)(T-(T)t  +  T') 

(D.30) 

=  uH  (T  -  (T)l)  +  uhT'  +  u'H  (T  -  (T)l)  +  u'jjT' 

(D.31) 

=  u„  (T  -  (T)l)  +  u'hT' 

(D.32) 

and  using  77  =  0,  Eq.  (D.4),  Eq.  (D.13),  and  rf  =  0, 

C2  -  r]  (uH  +  Ujj)  (T  —  (T)l  +  T') 

2=0 

(D.33) 

=  r,uH  (T  -  (T)l)  _o  +  ijuhT'I^  +  (T  -  (T)l)  ^  +  i)«HT'\ 

L=0(D-34) 

=  W*hI=o  +  ^uh  (T  -  OOiOLo 

(D.35) 

Using  Eq.  (D.4)  and  Eq.  (D.13),  it  is  possible  to  show  that  the  ratio  of  the  first  to 
the  second  term  in  Eq.  (D.35)  is  O  (|uH|  /c),  where  c  is  the  wave  phase  speed.  For 
typical  values  |uH|  <  0.3  m  s-1  and  c  >  6  m  s_1,  |uH|  /c  <  5  x  10-2  so  we  neglect 
the  first  term  in  Eq.  (D.35).  Then  Eq.  (D.26)  becomes 


dz+ri u'H  (T-(T)l)  | 

S - v - ' 

E 

=  (D.36) 

PoCp 

Terms  D  and  E  are  present  in  Eq.  (D.36)  solely  due  to  wave  forcing.  D  is  a  horizontal 
temperature  flux  present  at  all  depths  due  to  correlated  fluctuations  in  cross-shelf 
velocity  and  temperature  generated  by  waves.  E  is  a  horizontal  temperature  flux  at 
the  surface  due  to  the  volume  transport  that  takes  place  above  the  wave  troughs  in 
an  Eulerian  reference  frame.  Using  Eq.  (D.4),  Eq.  (D.13),  and  Eq.  (D.ll)  to  write 
Eq.  (D.36)  in  terms  of  wave-averaged  variables  only, 


d_ 

dt 


T  dz  +  Vh 


0  r  „  uH2  dT 

UH  (T-  (T)l)  -  kw—r^-^zF(z)G(z) 


-h  L 


+kv 


16  dz 

m, 


dz 


16c 


(T-  <T>L)|  )  =  (D.37) 

)  PoCp 
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Integrating  in  the  cross-shelf  direction  from  the  coast  at  x  =  0  to  a  mooring  at  x  =  L, 
using  u  =  0  and  Hsig  =  0  at  x  =  0  and  Eq.  (D.16),  and  defining  b  =  b  —  (b)  for 
any  variable  6,  so  that  T  is  the  depth-varying  part  of  the  temperature  profile  and 
T\  L  —  (T)\  L  =  T  ,  the  temperature  balance  equation  is 

2  x  x=L 


d_ 

dt 


r*L  /»0 

Jo  J- 


T  dz  dx 


r0  r  ~  ojHin  cos  ew  or 

+  <LBr— 


dz  + 


9_Hlig  CQS  ^ 

16c 


-} 


x=L 


+ 1,  *{£{'<?- 


16  dz 


dz 


gH2sig  sin  Qw 


16c 


(r-  (T)t)|  |  dx=  f  (D.38) 

)  JO  PoCp 


where  9W  is  the  direction  in  which  the  waves  are  propagating,  measured  counterclock¬ 
wise  from  the  positive  x  direction.  It  is  possible  to  show  that 


-/ 


0  uu  Hlg  cos  6wdT 


16  dz 


F(z)G(z)  dz 


9H‘sig  CQS 
16  c 


=  /° 
'=o  J-h 


ustT  dz  (D.39) 


where  ust  is  the  x  component  of  the  Stokes’  drift  velocity  (Stokes,  1847), 

9kHgig  cos  6W  cosh  [2k  (z  -(-  h)] 


ust(z,t )  = 


8c 


sinh  (2 kh) 


(D.40) 


so  Eq.  (D.38)  becomes 


d_ 

dt 


rL  rO  r  /»u 

/  /  T  dzdx  +  /  (u  +  ust) 

Jo  J-h  \_J-h 


x=L 

uH2sig  sin  0W  dT 


16 


dz 


F(z)G(z)\  dz 


9H2sig  sin  6U 


16  c 


(r-(r)4U„}*=  (D41) 

J  Jo  PoCp 


No  wave-fluctuating  quantities  were  observed  directly,  so  the  primed  notation  is  not 
needed  except  in  the  derivation  of  Eq.  (D.41).  Therefore,  outside  of  this  Appendix, 
we  drop  the  overbar  notation  and  all  variables  are  considered  wave- averaged. 
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Appendix  E 


Observations  of  Undertow  over  the 
Inner  Continental  Shelf 


This  Appendix  is  a  manuscript  that  was  submitted  to  Journal  of  Physical  Oceanog¬ 
raphy.  This  manuscript  and  the  manuscript  in  Chapter  2  were  submitted  as  com¬ 
panion  papers.  Both  manuscripts  were  reviewed  and  are  currently  under  revision 
for  resubmission.  Because  this  manuscript  is  primarily  the  work  of  Steven  Lentz, 
this  manuscript  is  not  part  of  Melanie  Fewings’  thesis  work  but  is  included  here  for 
completeness  and  reference. 
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Abstract 


Surface  gravity  waves  propagating  toward  the  beach  force  a  shoreward  “mean”  flow 
(Stokes  drift)  above  the  wave  troughs  and  a  compensating  seaward  flow  below  the 
wave  troughs  commonly  referred  to  as  undertow.  Observation  of  velocity  profiles 
and  wave  characteristics  from  two  inner-shelf  sites  well  seaward  of  the  surfzone  (off 
Martha’s  Vineyard,  Massachusetts  and  North  Carolina)  indicate  that  observed  off¬ 
shore  transports  are  primarily  wave-driven  undertow.  Theoretical  estimates  of  the 
wave-driven  offshore  transport  from  linear  wave  theory  and  observed  wave  charac¬ 
teristics  account  for  50%  or  more  of  the  observed  offshore  transport  variability  and 
reproduce  the  dependence  on  wave  height  and  water  depth. 

Average  cross-shelf  velocity  profiles,  during  weak  wind  stresses,  are  curved  with 
maximum  offshore  flow  (1-6  cm  s-1)  and  vertical  shear  near  the  surface,  and  weak 
flow  and  shear  in  the  lower  half  of  the  water  column.  These  observed  inner-shelf  pro¬ 
files  do  not  resemble  the  parabolic  profiles  observed  within  the  surfzone.  Instead,  the 
inner-shelf  profiles  are  consistent  with  a  dynamical  balance  between  the  Coriolis  force 
associated  with  the  offshore  flow  and  an  alongshore  “Hasselmann  wave  stress”  due  to 
the  influence  of  the  earth’s  rotation  on  surface  gravity  waves.  The  close  agreement 
between  the  predicted  profiles  forced  by  the  Hasselmann  wave  stress  and  observed 
winter  profiles  provides  compelling  evidence  for  the  importance  of  the  Hasselmann 
wave  stress  in  forcing  oceanic  flows.  Summer  profiles  are  more  vertically  sheared  than 
either  winter  profiles  or  model  profiles,  presumably  due  to  stronger  stratification.  It 
is  unclear  how  stratification  modifies  the  summer  profiles. 
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E.l  Introduction 


There  is  an  onshore  volume  transport  associated  with  surface  gravity  waves  propa¬ 
gating  toward  the  coast.  If  there  are  no  along-shelf  variations  in  the  flow  field,  such  as 
rip  currents,  there  must  be  a  compensating  offshore  flow,  which  is  commonly  referred 
to  as  undertow.  For  linear  surface  gravity  waves,  the  onshore  (Stokes)  transport  is 


(E.l) 


where  g  is  gravitational  acceleration,  Hsig  is  the  significant  wave  height  (defined  as 
four  times  the  standard  deviation  of  the  sea  level  variations  due  to  the  surface  waves), 
c  is  the  phase  speed  of  the  waves,  and  6W  is  the  wave  direction  relative  to  onshore 
( e.g .,  Stokes,  1847;  LeBlond  and  Mysak,  1978;  Mei,  1983).  This  onshore  transport 
is  concentrated  above  the  wave  troughs  in  an  Eulerian  frame  or  is  the  vertically 
distributed  Stokes  drift  in  a  Lagrangian  frame.  The  compensating  depth-averaged 
offshore  flow  is 


(E.2) 


where  h  is  the  water  depth  and  uw  is  positive  offshore.  For  shallow  water  waves 
(kh  «  1,  where  k  is  the  wave  number),  c  &  \fgh  and  (E.2)  reduces  to 


(E.3) 


In  the  subsequent  analysis  the  waves  are  not  assumed  to  be  shallow-water  waves. 

E.l.l  Undertow  Transport 

There  have  been  numerous  theoretical  and  laboratory  studies  of  undertow  in  the 
vicinity  of  the  surfzone  (e.g.,  Nadaoka  and  Kondoh,  1982;  Svendsen,  1984;  Stive  and 
Wind,  1986;  Putrevu  and  Svendsen,  1993;  Ting  and  Kirby,  1994;  Govender  et  ah, 
2002).  In  the  ocean,  “mean”  (average  over  many  wave  periods)  offshore  flows  have 
often  been  observed  at  single  depths  in  the  surfzone  (e.g.,  Wright  et  ah,  1982;  Mas- 
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selink  and  Black,  1995).  There  are  also  a  few  observations  of  velocity  profiles  that 
provide  accurate  estimates  of  the  offshore  transport  to  test  (E.2)  and  to  characterize 
the  vertical  structure  of  undertow  (Haines  and  Sallenger,  1994;  Garcez  Faria  et  ah, 
2000;  Reniers  et  al.,  2004).  The  observational  studies  of  Haines  and  Sallenger  (1994); 
Garcez  Faria  et  al.  (2000);  Reniers  et  al.  (2004),  conducted  in  1982,  1994,  and  1997 
respectively,  all  examined  current  profiles  measured  from  sled  systems  that  sampled 
different  locations  within  and  just  seaward  of  the  surfzone  (water  depths  1-4  m)  at 
the  Army  Corps  Field  Research  Facility  (FRF),  near  Duck,  North  Carolina.  Haines 
and  Sallenger  (1994)  did  not  compare  below  trough  transport  estimates  to  —  Qw. 
Garcez  Faria  et  al.  (2000)  found  reasonable  agreement  between  —  Qw  and  the  ob¬ 
served  offshore  transport  except  on  the  shoreward  side  of  a  shore-parallel  sandbar. 
Inclusion  of  an  estimate  of  the  onshore  transport  due  to  wave  rollers  improved  the 
agreement.  Reniers  et  al.  (2004)  found  poorer  agreement  between  —  Qw  plus  the 
wave-roller  transport  and  the  observed  offshore  transport,  which  they  attributed  to 
alongshore  variability. 

Seaward  of  the  surfzone  ( Hsig/h  <  0.5),  over  the  inner  shelf,  little  is  known  about 
undertow  and  its  relative  contribution  to  the  cross-shelf  transport.  (The  offshore 
edge  of  the  surfzone  will  be  crudely  defined  as  where  7  =  Hsig/h  ^  0.5.)  For  shore- 
normal  waves  ( 6W  =  0)  with  Hsig  =  2  m,  the  depth-averaged  offshore  flow  estimated 
from  (E.3)  is  2.5  cm  s-1  in  10  m  of  water.  This  is  comparable  to  observed  depth- 
averaged  cross-shelf  flows  below  the  wave  troughs  over  inner  shelves  ( e.g .,  Lentz  and 
Winant,  1986;  Lee  et  al.,  1989;  Lentz  and  Raubenheimer,  1999;  Kirincich  et  al.,  2005), 
suggesting  wave  forcing  is  important  over  the  inner  shelf. 

E.1.2  Undertow  Profiles 

Estimates  of  the  offshore  transport  using  (E.2)  are  based  only  on  (E.l),  volume  con¬ 
servation,  and  the  assumption  of  no  along-shelf  variations  in  the  flow.  Consequently, 
while  (E.2)  may  be  used  to  infer  whether  observed  offshore  transports  are  forced 
by  surface  waves,  it  does  not  provide  much  insight  into  the  underlying  dynamics. 
However,  the  vertical  structure  of  undertow  does  provide  insight  into  the  dynamics. 
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Undertow  in  the  surfzone  is  typically  assumed  to  be  the  result  of  a  dynamical  bal¬ 
ance  between  the  surface  wave  forcing  Fx  (wave-radiation  stress  divergence,  Longuet- 
Higgins  and  Stewart  (1962)),  a  resulting  cross-shelf  pressure  gradient  (wave  setup), 
and  the  vertical  gradient  of  the  turbulent  stress: 

0  =  Fx  -  grjx  +  {Auz)z.  (E.4) 

where  rjx  is  the  cross-shelf  sea  surface  slope,  A  is  a  turbulent  eddy  viscosity,  and 
u  is  the  offshore  flow  ( e.g .,  Svendsen,  1984;  Stive  and  Wind,  1986;  Putrevu  and 
Svendsen,  1993;  Haines  and  Sallenger,  1994;  Garcez  Faria  et  ah,  2000;  Reniers  et  ah, 
2004).  The  dominant  balance  is  between  the  wave  forcing  and  the  cross-shelf  pressure 
gradient  (e.g.,  Longuet- Higgins  and  Stewart,  1964;  Bowen  et  ah,  1968;  Guza  and 
Thornton,  1981;  Holman  and  Sallenger,  1985;  Nielsen,  1988;  Lentz  and  Raubenheimer, 
1999;  Raubenheimer  et  ah,  2001).  Assuming  no  net  cross-shelf  transport  (E.2),  a 
constant  eddy  viscosity,  vertically  uniform  wave  forcing,  an  onshore  surface  stress 
due  to  the  waves,  and  either  no  flow  at  the  bottom  or  an  onshore  wave  streaming 
in  the  wave  bottom  boundary  layer  (e.g.,  Longuet-Higgins,  1953;  Stive  and  Wind, 
1986),  (E.4)  yields  parabolic  velocity  profiles  with  maximum  offshore  flow  in  the 
interior,  decreasing  toward  both  the  surface  and  bottom  (Fig.  E-la;  e.g.  Haines  and 
Sallenger,  1994).  Models  with  explicit  wave  boundary  layers  or  more  “realistic”  eddy 
viscosity  profiles  yield  similar  parabolic  profiles  (e.g.,  Putrevu  and  Svendsen,  1993; 
Garcez  Faria  et  ah,  2000).  The  vertical  structure  of  undertow  within  the  surfzone  in 
laboratory  studies  is  consistent  with  these  models  (e.g.,  Nadaoka  and  Kondoh,  1982; 
Putrevu  and  Svendsen,  1993;  Ting  and  Kirby,  1994;  Govender  et  ah,  2002). 

In  the  few  oceanographic  field  studies  of  undertow  in  the  vicinity  of  the  surfzone, 
offshore  flows  of  order  1-10  cm  s-1  were  observed  throughout  the  water  column, 
except  very  near  the  surface  where  there  is  often  onshore  flow  (Haines  and  Sallenger, 
1994;  Garcez  Faria  et  ah,  2000;  Reniers  et  ah,  2004).  Although  these  three  studies 
were  all  conducted  at  the  same  site  in  different  years,  the  observed  vertical  structure 
of  the  undertow  varied.  Haines  and  Sallenger  (1994)  observed  maximum  offshore  flows 
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at  mid  depth  at  all  sites.  Garcez  Faria  et  al.  (2000)  found  maximum  offshore  flows 
near  the  bottom  over  a  shore-parallel  bar  where  the  waves  were  breaking,  with  weaker, 
more  vertically  uniform  offshore  flows  onshore  and  offshore  of  the  bar.  Reniers  et  al. 
(2004)  found  maximum  offshore  flow  near  the  bottom  within  the  surfzone  and  near 
the  surface  seaward  of  the  surfzone. 

Laboratory  studies  ( e.g .,  Nadaoka  and  Kondoh,  1982;  Putrevu  and  Svendsen. 
1993;  Ting  and  Kirby,  1994;  Govender  et  al.,  2002)  and  the  observational  studies 
cited  above  suggest  that  undertow  profiles  may  be  quite  different,  within  and  seaward 
of  the  surfzone.  In  the  laboratory  studies,  seaward  of  the  surfzone  the  offshore  flow 
increases  linearly  with  height  above  the  bottom.  Putrevu  and  Svendsen  (1993)  showed 
that  a  model  which  included  steady  streaming  in  the  wave  bottom  boundary  layer 
and  a  weak  eddy  viscosity  outside  the  surfzone  resulted  in  a  velocity  increase  with 
height  above  the  bottom  similar  to  the  laboratory  results. 

The  laboratory  studies  cited  above  were  not  conducted  in  a  rotating  tank.  A 
completely  different  dynamical  balance  is  possible  if  the  Earth’s  rotation  is  important. 
In  particular,  Hasselmann  (1970)  showed  that  the  Coriolis  force  acting  on  the  surface 
wave  velocities  would  induce  a  small  (order  / /u>,  where  u>  is  the  wave  frequency 
~1  s-1,  and  /  is  the  Coriolis  frequency  ~  10-4  s-1)  along-crest  wave  velocity  v  that 
is  in  phase  with  the  vertical  wave  velocity  w.  Though  v  is  small,  the  resulting  wave 
stress  tw  =  —  p0  <  vw  >  (subsequently  referred  to  as  the  Hasselmann  wave  stress) 
can  be  substantial  relative  to  the  wind  stress.  It  has  been  suggested  that,  this  is  a 
potentially  important  forcing  mechanism  for  both  shelf  flows  (e.g.,  Xu  and  Bowen, 
1994;  Newberger  and  Allen,  2006)  and  the  open  ocean  circulation  (e.g.,  Hasselmann, 
1970;  McWilliams  and  Restrepo,  1999;  Ardhuin  et  al.,  2004;  Polton  et  al.,  2005).  If 
the  vertical  divergence  in  this  along-crest  wave  stress 


dfw  _  H‘sigfujk  cosh(2k[z  +  h]) 
dz  * °  16  sinh2(kh) 


(E.5) 
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is  balanced  by  the  Coriolis  force  in  the  alongshore  momentum  balance 


pofu  =  =  -p0fusU  (E.6) 

the  resulting  mean  flow  profile  u(z )  is  equal  and  opposite  to  the  Stokes  drift  ust  (Fig. 
E-lb),  so  there  is  no  net  particle  displacement  (Ursell,  1950).  Consequently,  this 
mean  flow  satisfies  the  transport  constraint  given  by  (E.2). 

The  constant  eddy  viscosity,  no  rotation  (/  =  0)  profiles  that  satisfy  (E.4),  and 
the  inviscid  wave-stress  with  rotation  (/  ^  0)  velocity  profiles  that  satisfy  (E.6)  have 
opposite  curvature  (Fig.  E-l).  As  discussed  in  Section  E.4.1,  the  no  rotation  velocity 
profiles  are  parabolic,  with  weaker  flow  near  the  surface  and  bottom.  The  inviscid 
velocity  profiles  with  rotation  have  small  vertical  shear  in  the  lower  water  column 
and  larger  shear  near  the  surface,  with  maximum  offshore  flow  near  the  surface. 
Consequently  the  vertical  structure  of  the  observed  profiles  may  indicate  the  dominant 
dynamical  balance. 

Observations  are  presented  here  of  wave-driven  offshore  flows  (undertow)  consis¬ 
tent  with  (E.2)  extending  well  seaward  of  the  surfzone  into  water  depths  of  5  -  13 
m,  over  the  inner  shelves  of  Martha’s  Vineyard,  Massachusetts  and  North  Carolina. 
In  both  cases,  undertow  is  the  dominant  component  of  the  depth-averaged  subtidal 
cross-shelf  circulation.  When  wind  stresses  are  weak,  mean  cross-shelf  velocity  profiles 
over  the  inner  shelf  (seaward  of  the  surfzone)  resemble  the  negative  Stokes  drift  profile 
(Fig.  E-lb)  associated  with  a  dynamical  balance  between  the  Coriolis  force  and  the 
Hasselmann  wave  stress  (E.6)  more  than  the  parabolic  profiles  typically  associated 
with  the  surfzone  (Fig.  E-la).  The  observed  cross-shelf  flow  profiles  depend  on  wind 
stress,  as  well  as  the  wave  forcing.  This  manuscript  focuses  on  only  the  wave-driven 
cross-shelf  flow.  The  response  of  the  cross-shelf  flow  at  the  Martha’s  Vineyard  site  to 
wind  forcing  and  combined  wind  and  wave  forcing  is  presented  in  Chapter  2. 
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E.2  Data  Sets  and  Processing 


Current,  and  wave  observations  from  two  locations  are  analyzed:  ~3.5  years  of  data 
from  the  Martha’s  Vineyard  Coastal  Observatory  (MVCO),  located  on  the  south  coast 
of  Martha’s  Vineyard,  south  of  Cape  Cod,  Massachusetts,  and  two  months  of  data 
from  the  1997  SandyDuck  field  program  conducted  near  the  Army  Corps  of  Engineers 
Field  Research  Facility  (FRF)  on  the  North  Carolina  inner  shelf. 

MVCO  current  observations  are  from  a  bottom-mounted  RDI  1200-kHz  Broad- 
Band  Acoustic  Doppler  Current  Profiler  (ADCP)  deployed  1.5  km  offshore  in  12  m  of 
water.  Twenty-minute  averages  of  current  profiles  and  surface- wave  characteristics, 
including  wave  spectra  and  average  wave  direction  as  a  function  of  frequency,  for 
the  period  1  June  2001  to  26  May  2006  were  obtained  from  the  MVCO  website  at 
http://www.whoi.edu/mvco.  The  ADCP  has  a  sample  rate  of  2  Hz  and  0.5-m  vertical 
bins  between  2.5  m  and  10  m  above  the  bottom.  There  are  several  gaps  in  the  time 
series  lasting  1-4  months.  Additionally,  four  periods  of  data  when  both  the  ADCP 
signal  strength  and  the  signal  correlation  are  small  were  discarded  (6  February  -  17 
April  2002,  22  February  -  4  April  2004,  8-  19  April  2005,  and  20  February  -  7  March 
2006)  because  bin-to-bin  velocity  differences  and  wave  characteristics  are  anomalous 
during  these  periods.  Significant  wave  height  Hsig,  average  wave  period  and  wave 
direction  0W  were  estimated  from  wave  spectra  of  the  ADCP  current  observations  as 
described  at  the  MVCO  website.  Wind  observations  are  from  a  10-m  shore  mast  (12.5 
m  above  mean  sea  level). 

SandyDuck  current  profiles  are  from  6  upward-looking  SonTek/YSI  Acoustic  Dop¬ 
pler  Profilers  (ADPs)  (5.2-12.0  m  depth)  and  one  upward- looking  RDI  BroadBand 
1200-kHz  ADCP  (12.7  m  depth),  deployed  from  17  September  to  10  November  1997. 
Six  of  the  profilers  were  deployed  on  a  cross-shelf  transect  in  water  depths  of  5.2  m, 
6.5  m,  7.7  m,  8.7  m,  12.0  m,  and  12.7  m  (0.3,  0.5,  0.6,  0.8,  1.2,  and  1.5  km  offshore). 
The  seventh  profiler  was  deployed  in  6.5  m  water  (0.5  km  offshore)  about  100  m  to 
the  south.  The  ADP  at  5.2  m  depth  was  a  3000-kHz  unit  with  0.25-m  bins,  and  the 
other  ADPs  were  1500-kHz  units  with  0.5-m  bins.  The  ADPs  recorded  3.5-minute 
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mean  velocities  every  5  min.  The  ADCP  at  12.7  m  recorded  1-min  mean  velocities 
and  had  0.5-m  bins.  The  velocities  from  the  ADCP  were  low-pass  filtered  using  a 
filter  with  a  half-power  period  of  4  minutes  to  approximate  the  3.5-min  averaging 
of  the  ADPs.  Wave  characteristics  were  not  available  at  the  current-profiler  sites, 
so  Hsig  was  estimated  at  each  site  by  interpolating  Hsig  observations  in  4  m,  6  m, 
8  m  and  13  m  of  water  to  the  water  depths  of  the  current  profilers.  The  Sandy  Duck 
current  profiler  sites  were  generally  seaward  of  the  surfzone.  Consequently,  results 
are  similar  if  Hsig  is  assumed  to  not  vary  between  the  13-m  and  5-m  isobaths  and  the 
8-m  array  estimate  is  used  for  all  7  current  profiler  sites.  Wind  observations  are  from 
an  anemometer  at  the  end  of  the  FRF  pier  at  a  height  of  19  m. 

Wave-driven  onshore  transport  Qw  and  hence  the  predicted  depth-averaged  off¬ 
shore  flow  uw  at  MVCO  and  the  SandyDuck  sites  were  estimated  using  (E.2)  and  the 
observed  significant  wave  height,  average  wave  period,  and  wave  direction.  Estimates 
of  uw  assuming  shallow  water  waves  (E.3)  and  6W  =  0  are  similar  (not  presented), 
though  kh  ~  1  —  3  so  these  are  not  shallow- water  waves.  For  MVCO,  the  Stokes 
velocity  profile  ust(z,t)  was  estimated  by  integrating  (E.5)  over  the  frequency  band 
0.047  -  0.5  Hz  using  the  observed  wave  spectra.  The  wave  transport  Qw ,  estimated  by 
integrating  ust  from  the  surface  to  the  bottom,  is  well  correlated  with  Qw  estimated 
from  (E.l)  (correlation  0.98),  but  is  15%  smaller. 

Observed  depth-averaged  offshore  flows  below  the  wave  troughs  Uda  were  estimated 
from  the  velocity  profiles  using  a  trapezoidal  rule  and  assuming  velocities  were  uni¬ 
form  between  the  shallowest  (deepest)  observation  and  the  surface  (bottom).  Linear 
extrapolations  of  the  current  profiles  to  the  surface  and  bottom  gave  similar  results 
(not  shown).  Wind  stress  was  estimated  using  the  drag  coefficient  proposed  by  Fairall 
et  al.  (2003).  To  focus  on  subtidal  variability,  tidal  and  other  high-frequency  motions 
were  removed  using  a  low-pass  filter  with  a  24-hour  half-power  point  (diurnal  flows 
are  weak  at  this  site). 

The  cross-shelf  flow  is  sensitive  to  the  choice  of  coordinate  systems  because  the  flow 
is  strongly  polarized  alongshore.  The  cross-shelf  direction  is  defined  here  as  aligned 
with  the  minor  principal  axis  of  the  depth-averaged  subtidal  flow  at  each  site  when 
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waves  are  small.  The  resulting  offshore  direction  is  roughly  perpendicular  to  the  local 
isobaths  and  the  mean  depth-averaged  flow  during  small  waves  is  alongshore.  The 
subsequent  analysis  includes  all  wave  conditions.  Only  times  of  small  waves  {Hslg  < 
0.5  m)  were  included  in  estimating  the  principal  axes  to  determine  the  coordinate 
frame  orientation  because  this  study  shows  that  surface  waves  drive  a  substantial 
subtidal  offshore  flow  below  the  wave  troughs  (Section  E.3.1). 


E.3  Results 

E.3.1  Depth- Averaged  Flow 

Mean  significant  wave  heights,  Hsig,  are  1.0  m  at  MVCO  and  0.9  m  at  the  Sandy  Duck 
sites.  Standard  deviations  of  Hsig  are  ~0.5  m  at  both  sites,  and  wave  events  typically 
have  time  scales  of  order  a  day  (see  uw  in  Fig.  E-2).  The  largest  significant  wave 
heights  are  4.5  m  during  the  MVCO  deployment  and  3.5  m  during  the  Sandy  Duck 
deployment.  Average  wave  periods  typically  ranged  from  4  -  7  s  during  the  MVCO 
deployment  and  4  -  16  s  during  SandyDuck.  At  MVCO,  the  maximum  Haig/h  =  0.38 
and  Hsig/ h  is  greater  than  0.2  less  than  3%  of  the  time,  suggesting  this  site  was  always 
well  outside  the  surfzone.  During  the  SandyDuck  study  Hsig/h  was  less  than  0.5  at 
all  sites,  with  the  exception  of  one  event  when  the  outer  edge  of  the  surfzone  was  at 
about  the  7-m  isobath  (see  Section  E.3. 2). 

Mean  depth-average  cross-shelf  flows  are  offshore  at  both  MVCO  (0.8  cm  s-1) 
and  SandyDuck  (0.6-2. 1  cm  s_1).  Standard  deviations  of  the  subtidal  cross-shelf  flows 
are  1-2  cm  s-1  at  both  sites.  Subtidal  depth-averaged  offshore  flows  exceed  2  cm  s~* 
12%  of  the  time  at  MVCO.  In  contrast,  onshore  flows  exceed  2  cm  s-1  less  than  0.1% 
of  the  time  (Fig.  E-2,  lower  time  series).  There  is  a  clear  correspondence  between  the 
observed  depth-averaged  offshore  flows  iLda  and  estimates  of  the  wave-driven  offshore 
flow,  uw  (upper  time  series,  Fig.  E-2).  Correlations  between  subtidal  Uda  and  uw 
from  the  SandyDuck  and  MVCO  observations  range  from  0.97  in  5.2  m  water  depth 
to  ~  0.7  in  12  m  water  depth  (Fig.  E-3a)  indicating  that  wave  forcing  accounts  for 
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~  50%  or  more  of  the  variance  in  Uda-  Linear  regression  slopes  for  Uda  versus  uw 
are  approximately  1.0  with  no  obvious  dependence  on  water  depth  (Fig.  E-3b)  and 
intercepts  are  less  than  1  cm  s-1.  The  depth-averaged  offshore  flow  decreases  with 
increasing  water  depth  h  in  a  manner  consistent  with  (E.2)  (Fig.  E-4).  Bin  averages 
of  the  depth-averaged  offshore  flow  as  a  function  of  Hsig/h  exhibit  no  significant 
deviation  from  the  wave-driven  offshore  flow  predicted  by  (E.2)  for  the  range  of  water 
depths  and  wave  heights  observed  (Fig.  E-5). 

The  bin  averages  in  Fig.  E-5  are  all  seaward  of  the  surfzone  ( Hsig/h  <  0.5). 
The  agreement  between  Uda  and  uw  implies  that  the  circulation  is  two-dimensional 
(uniform  along-shelf)  and  indicates  that  wave  rollers  do  not  make  a  significant  con¬ 
tribution  to  the  onshore  volume  flux  seaward  of  the  surfzone,  in  contrast  to  results 
from  the  vicinity  of  the  surfzone  (Garcez  Faria  et  al.,  2000).  The  residual  subtidal 
depth- averaged  cross-shelf  flow  Uda  —  uw  has  a  mean  of  less  than  0.1  cm  s_1,  a  stan¬ 
dard  deviation  of  0.8  cm  s-1,  and  a  maximum  magnitude  of  3.3  cm  s-1.  Thus,  the 
residual  depth-averaged  cross-shelf  flow  is  generally  small  relative  to  the  accuracy  of 
the  ADCP  observations  and  the  uncertainty  in  the  depth-averaged  flow  estimates.  It 
is  striking  that  there  are  no  large  depth-averaged  offshore  flow  events  on  time  scales 
of  days  that  are  inconsistent  with  undertow  in  either  the  MVCO  or  SandyDuck  obser¬ 
vations.  In  summary,  the  observed,  subtidal,  depth-averaged  offshore  flows  at  MVCO 
and  the  SandyDuck  sites  are  consistent  with  wave-driven  undertow  given  by  (E.2). 

E.3.2  Vertical  Structure 

The  vertical  structure  of  the  offshore  flow  varies  across  the  inner  shelf  for  the  Sandy¬ 
Duck  event  shown  in  Fig.  E-6.  Based  on  the  observed  onshore  decrease  in  Hsig ,  or 
on  HSig/h  ^  0.5,  the  offshore  edge  of  the  surfzone  during  this  event  is  between  the 
6-m  and  8-m  isobaths.  At  the  two  shallow  sites  within  the  surfzone  (water  depths 
5.2  m  and  6.5  m),  the  maximum  offshore  flow  is  near  the  bottom.  Between  600  m 
and  1200  m  offshore  the  offshore  flow  is  vertically  uniform,  while  at  the  site  farthest 
offshore  the  maximum  offshore  flow  is  in  the  upper  half  of  the  water  column.  This 
cross-shelf  variation  in  the  vertical  structure  is  qualitatively  consistent  with  previous 
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theory,  laboratory  results,  and  ocean  observations  (Nadaoka  and  Kondoh,  1982;  Pu- 
trevu  and  Svendsen,  1993;  Reniers  et  al.,  2004).  However,  an  onshore  and  southward 
wind  stress  during  this  event  (rf  «  —0.09  N  m_2and  «  —0.44  N  m-2)  undoubtedly 
influenced  the  vertical  structure  of  the  offshore  flow. 

The  longer  time  series  from  MVCO  indicate  that  wind  stress  has  a  substantial 
impact  on  the  vertical  structure  of  the  cross-shelf  flow  (Chapter  2).  During  weak 
wind  stresses  (defined  as  |rs|  <  0.03  N  m-2),  the  mean  cross-shelf  flow  profile  is 
curved  with  small  shear  near  the  bottom,  large  shear  near  the  surface,  and  maximum 
flow  near  the  surface  (Fig.  E-7,  Hsig  >  0.5  m).  During  onshore  wind  stresses,  the 
average  cross-shelf  flow  profile  is  less  sheared  because  the  wind-driven  shear  opposes 
the  wave-driven  shear  (not  shown).  During  offshore  wind  stresses,  the  average  cross¬ 
shelf  profile  is  more  sheared  because  the  wind-driven  shear  enhances  the  wave-driven 
shear.  The  response  of  the  cross-shelf  circulation  to  wind  stress  and  to  combined 
wind  stress  and  wave  forcing  is  examined  in  Chapter  2  using  the  MVCO  observations. 
When  the  wind  stress  is  weak  and  the  wave  heights  are  small  (Hsig  <  0.5  m),  the 
depth- averaged  flow  is  approximately  zero  (Section  E.3.2)  but  there  is  still  a  vertically 
sheared  cross-shelf  flow  with  offshore  flow  in  the  upper  half  of  the  water  column  and 
onshore  flow  in  the  lower  half  of  the  water  column  (Fig.  E-7,  Hsig  <  0.5  m).  The 
cause  of  this  mean  cross-shelf  circulation  during  weak  wind  and  wave  forcing  is  not 
known,  but  is  assumed  here  to  not  be  wave  forcing. 

To  focus  on  the  wave-driven  flow,  the  mean  cross-shelf  flow  profile  during  weak 
winds  and  weak  waves  is  subtracted  from  the  observed  profiles  and  only  periods  of 
weak  wind  stress  magnitudes  at  MVCO  are  considered  in  the  remainder  of  the  analysis 
here  and  in  Section  E.4.  For  the  range  of  HSig  that  has  a  sufficient  number  of  events  (10 
or  more)  to  estimate  reliable  average  profiles,  0.3  m  <  Hsig  <  3  m,  the  bin-averaged 
near-surface  offshore  flow  (relative  to  the  mean  profile  for  weak  forcing)  increases 
from  0  cm  s_1  to  6  cm  s-1  at  an  approximately  linear  rate  with  increasing  Hsig  up 
to  2.3  m  (Fig.E-8).  There  is  the  suggestion  that  the  near-surface  offshore  flow  stops 
increasing  for  HSig  >  2.3  m.  The  mid-depth  flow  also  increases  as  HSig  increases,  but 
the  rate  is  slower  and  the  dependence  is  more  quadratic  (see  Section  E.4.1).  The  near- 
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bottom  flow  is  approximately  zero  for  Hsig  <  1.0  m,  then  increases  to  over  2  cm  s-1 
at  Hsig  =  3  m.  While  the  MVCO  observations  do  not  include  density  profiles,  the 
average  offshore  flow  profiles  for  summer  (typically  stronger  stratification)  are  more 
sheared  than  the  average  winter  profiles  (typically  weaker  stratification),  suggesting 
a  dependence  on  stratification  (Fig.  E-9).  In  summer,  the  flow  is  weakly  onshore 
in  the  lower  half  of  the  water  column,  in  contrast  to  weak  offshore  flow  in  winter. 
However,  as  discussed  in  Section  E.4.1,  it  is  unclear  how  stratification  impacts  the 
velocity  structure. 

E.4  Discussion 

E.4.1  Dynamics 

While  the  agreement  between  the  theoretical  Stokes  transport  and  the  observed  cross¬ 
shelf  transport  (Fig.  E-3-E-5)  supports  the  assumption  that  the  depth-average  off¬ 
shore  flow  is  wave-driven,  it  sheds  little  light  on  the  dynamics.  To  investigate  the 
dynamics  of  undertow  outside  the  surfzone,  the  observed  velocity  profiles  are  com¬ 
pared  to  a  simple  model  that  builds  on  a  previous  model  proposed  by  Xu  and  Bowen 
(1994).  Assuming  steady,  linear  dynamics  with  no  alongshore  variations  and  constant 
density,  continuity  and  the  momentum  balances  are 


1  'll  dz  Qtyi 

J-h 

(E.7) 

-fv  =  -gvx  +  Fx  +  (Auz)z, 

(E.8) 

fu  =  -fust  +  (Avz)z. 

(E.9) 

The  wave  forcing  consists  of  the  onshore  Stokes  transport  Qw ,  the  cross-shelf  radiation 

stress  divergence  Fx,  assumed  to  be  independent  of  depth,  and  the  Hasselmann  wave 

stress  associated  with  the  Earth’s  rotation  fust,  given  by  (E.5).  The  surface  and 
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bottom  boundary  conditions  used  are  a  surface  tangential  stress  and  wave  streaming 
at  the  bottom,  both  due  to  the  thin  viscous  wave  boundary  layers  (Longuet-Higgins, 
1953;  Xu  and  Bowen,  1994).  We  assume  wave  breaking  is  not  occurring  seaward  of 
the  surfzone.  Given  the  wave  forcing  and  a  turbulent  eddy  viscosity  A,  equations 
(E.7  -  E.9)  are  solved  numerically  for  u,v,  and  r]x  by  iteratively  determining  the  r]x 
that  satisfies  (E.7)  (for  details  see  Lentz,  1995).  For  simplicity,  the  model  was  run 
assuming  a  constant  eddy  viscosity.  Model  runs  with  a  more  “realistic”  eddy-viscosity 
profile  for  an  unstratified  flow  (Lentz,  1995)  yield  similar  results. 

For  a  wide  range  of  eddy  viscosities  the  model  cross-shelf  flow  profiles  fall  into 
two  distinct  groups  (Fig.  E-9)  corresponding  to  the  two  extremes  in  Fig.  E-l.  For 
large  eddy  viscosities  (A  >  10-3  m2  s-1),  the  profiles  are  parabolic  with  a  maximum 
offshore  flow  at  mid  depth.  For  small  eddy  viscosities  {A  <  10_4m2  s-1),  the  profiles 
have  the  opposite  curvature  with  maximum  offshore  flow  near  the  surface.  Except 
in  the  transition  between  these  two  regimes  and  near  the  boundaries,  the  profiles 
are  not  very  sensitive  to  the  magnitude  of  the  eddy  viscosity.  The  relevant  non- 
dimensional  parameter  is  SE/h,  where  SE  =  (A/ /)^2  is  the  Ekman  scale.  Parabolic 
profiles  correspond  to  SE/h  >  1  (large  A  or  small  /)  and  the  dominant  momentum 
balance  is  (E.8)  with  /  «  0.  This  is  the  balance  typically  assumed  for  the  surfzone 
( e.g .,  Svendsen,  1984;  Stive  and  Wind,  1986;  Putrevu  and  Svendsen,  1993;  Haines 
and  Sallenger,  1994;  Garcez  Faria  et  ah,  2000;  Reniers  et  ah,  2004).  The  profiles  with 
maximum  offshore  flow  near  the  surface  correspond  to  6E/h  <  1  (small  A  and  large 
/).  The  dominant  balance  determining  the  cross-shelf  velocity  profile  in  this  case  is 
(E.9)  with  A  «  0  so  that  u  ~  —  ust. 

The  model  profiles  with  SE/h  <  1  (small  A)  accurately  reproduce  the  observed 
average  winter  profile  from  MVCO  (Fig.  E-9).  The  model  profiles  with  SE/h  <  1 
(large  A)  do  not  resemble  the  observed  average  profiles.  The  model  profile  with 
SE/h  =  0  (u  =  — ust )  also  reproduces  the  observed  dependence  of  u  on  Hsig  (averaged 
over  all  seasons)  at  mid-depth  and  near  the  bottom  (lower  two  dashed  lines  in  Fig.  E- 
8).  However,  the  observed  near-surface  flow  increases  more  rapidly  with  increasing 
Hsig  than  predicted.  The  agreement  is  closer  for  winter  averages,  but  the  observed  flow 
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still  increases  slightly  more  rapidly  with  increasing  Hsig  than  the  predicted  flow.  The 
agreement  between  the  observed  winter  profile  and  the  model  profiles  with  relatively 
small  eddy-viscosities  is  somewhat  surprising  given  that  vertical  mixing  may  be  large 
at  this  site  in  winter.  Semidiurnal  tidal  currents  are  strong  (25  cm  s'1)  in  the  along- 
shelf  direction  suggesting  tidal  mixing  may  be  significant.  However,  the  vertical 
structure  of  the  wave-driven  cross-shelf  flow  did  not  exhibit  a  significant  dependence 
on  the  strength  of  the  tidal  flow.  There  is  also  often  strong  surface  cooling  in  winter 
that  should  drive  convection.  The  vertical  shear  in  the  average  cross-shelf  flow  does 
decrease  for  increased  surface  cooling,  as  expected. 

The  average  summer  profile  is  more  vertically  sheared  than  either  the  winter  or 
the  model  profiles  (Fig.  E-9).  Since  the  relevant  model  response  is  essentially  inviscid 
{A  ~  0),  suppression  of  turbulent  mixing  by  the  stratification  does  not  seem  to  explain 
the  discrepancy;  the  observed  profiles  have  more  shear  than  the  inviscid  response. 
However,  the  over-simplified  model  does  not  include  two-  or  three-dimensional  effects, 
buoyancy  forcing,  or  other  potentially  important  elements  of  the  dynamics  such  as 
the  relative  vorticity  of  the  mean  flow.  For  example,  vertical  mixing  and  the  cross¬ 
shelf  circulation  acting  on  the  stratification  may  influence  the  dynamics  by  creating 
buoyancy  forcing  similar  to  the  stratified  inner-shelf  response  to  wind  forcing  (Austin 
and  Lentz,  2002).  The  influence  of  stratification  and  vertical  mixing  processes  in  both 
winter  and  summer  is  the  subject  of  ongoing  research  that  includes  obtaining  moored 
observations  of  the  stratification  throughout  the  year  and  numerical  modeling. 


E.4.2  Cross-Shelf  Exchange 

It  is  worth  considering  how  the  wave-driven  cross-shelf  transports  compare  to  wind- 
driven  cross-shelf  transports.  Previous  studies  have  shown  that  at  mid  shelf  the 
cross-shelf  transport  in  the  surface  boundary  layer  driven  by  an  along-shelf  wind 
stress  (tJ/),  Qt ,  is  roughly  equal  to  the  Ekman  transport  Ue  =  T%/p0f  ( e.g .,  Smith, 
1981;  Lentz,  1992;  Shearman  and  Lentz,  2003).  To  estimate  the  relative  importance 
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of  wave  and  wind-driven  cross- shelf  transport,  consider 


Qiv _ pagf  H sig 

UE  16  C  Ts 


(E.10) 


For  both  SandyDuck  and  MVCO,  H2ig  and  ry  are  correlated  with  a  typical  regression 
slope  of  20-30  m4  N"1.  Assuming  H2ig/ry  =  25  m4  N"1,  Qw  is  10-20%  of  UE, 
depending  on  the  wave  period,  over  the  middle  to  outer  shelf  (water  depths  >  10 
m  in  Fig.  E-10).  Two  recent  observational  studies  found  that  QT  decreases  from 
roughly  UE  at  the  30-50  m  isobath  toward  zero  in  shallow  water  (Lentz  et  ah,  2001; 
Kirincich  et  ah,  2005).  Note  these  studies  may  have  overestimated  the  cross-shelf 
transport  driven  by  the  along-shelf  wind  stress  because  they  did  not  account  for 
either  the  surface  gravity  wave  forcing  or  cross-shelf  wind  stresses,  both  of  which  are 
correlated  with  the  along-shelf  wind  stress  (Chapter  2).  The  decrease  in  QT  as  the 
depth  decreases  combined  with  the  increase  in  Qw  as  the  depth  decreases  suggests 
that  shallower  than  some  critical  water  depth  the  wave-driven  transport  will  be  larger 
than  the  wind-driven  transport.  For  a  simple  model  case  (Fig.  E-10;  rj'  =  0.1  N  nr2 
and  an  unstratified  turbulent  eddy- viscosity  profile),  Qw  is  greater  than  QT  for  water 
depths  less  than  20  m.  In  general,  this  critical  depth  will  depend  on  the  width  of 
the  inner  shelf  (i.e. ,  the  region  over  which  the  wind-driven  transport  is  reduced)  and 
hence  on  the  strength  of  the  wind  forcing  and  the  stratification  (Lentz,  1995;  Austin 
and  Lentz,  2002). 

Though  the  observed  Eulerian  wave-driven  cross-shelf  transports  can  be  substan¬ 
tial  over  the  inner  shelf,  they  may  not  be  effective  at  driving  cross-shelf  exchange. 
Net  particle  transports  are  due  to  the  sum  of  the  Eulerian  flow  and  the  Lagrangian 
Stokes  drift.  Since  the  mean  Eulerian  and  Stokes  drift  profiles  are  nearly  equal,  but 
with  opposite  directions  in  winter  (u  «  -ust),  the  net  cross-shelf  exchange  due  to 
waves  is  probably  small.  The  larger  discrepancy  between  u  and  usl  in  the  summer 
mean  profiles  (Fig.  E-9)  suggests  a  larger  cross-shelf  exchange. 
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E.5  Summary 


Observations  from  two  sites  along  the  East  Coast  of  the  United  States  provide  com¬ 
pelling  evidence  that  the  depth-averaged  offshore  flow  (below  the  wave  troughs)  sea¬ 
ward  of  the  surfzone,  in  water  depths  of  5  -  13  m,  is  primarily  undertow  driven 
by  surface  gravity  waves,  independent  of  the  wind  forcing.  The  evidence  for  this  is 
the  significant  correlation  between  the  predicted  (from  equation  E.2)  and  observed 
depth-averaged  cross-shelf  flows  (Fig.  E-3)  and  the  consistency  with  theory  of  the 
dependence  of  the  observed  depth-averaged  offshore  flow  on  both  water  depth  and 
wave  height  (Fig.  E-4  and  E-5). 

The  observed  average  cross-shelf  velocity  profile  seaward  of  the  surfzone  forced  by 
waves  (during  weak  wind  stresses)  is  curved  with  maximum  shear  and  offshore  flow 
near  the  surface  (below  the  wave  troughs),  and  weak  shear  and  flow  in  the  lower  half 
of  the  water  column  (Fig.  E-7).  This  vertical  structure  of  the  cross-shelf  flow  seaward 
of  the  surfzone  is  different  from  the  parabolic  profiles  with  maximum  offshore  flow 
at  mid-depth  or  near  the  bottom  observed  in  the  surfzone  (Fig.  E-la;  Haines  and 
Sallenger,  1994;  Garcez  Faria  et  ah,  2000;  Reniers  et  al.,  2004).  The  parabolic  surf¬ 
zone  profiles  are  consistent  with  a  dynamical  balance  between  onshore  wave-radiation 
stress  divergence,  a  cross-shelf  pressure  gradient  (wave  setup),  and  turbulent  stress 
divergence.  The  observed  average  cross-shelf  velocity  profiles  seaward  of  the  surfzone 
during  winter  are  consistent  with  an  inviscid  balance  between  the  Coriolis  force  as¬ 
sociated  with  the  offshore  flow  and  the  Hasselmann  wave  stress  associated  with  the 
influence  of  the  Earth’s  rotation  on  surface  waves  (Fig.  E-lb  and  E-9).  The  agree¬ 
ment  provides  some  of  the  first  direct  observational  evidence  for  the  importance  of 
the  Hasselmann  wave  stress  in  forcing  oceanic  flows.  The  average  summer  cross-shelf 
velocity  profile  is  more  sheared  than  either  the  average  winter  profile  or  the  model 
profiles  (Fig.  E-9).  This  is  presumably  due  to  the  stronger  stratification  in  summer, 
but  the  influence  of  stratification  on  the  dynamics  is  unclear.  Suppression  of  turbu¬ 
lent  stresses  by  the  stratification  does  not  appear  to  be  the  explanation,  since  the 
assumed  momentum  balance  is  essentially  inviscid.  Observations  and  model  studies 
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of  undertow  during  stratified  conditions  over  the  inner  shelf  are  needed  to  understand 
the  dynamics  of  the  summer  profiles. 

Given  the  fundamental  nature  of  the  wave-driven  transport,  it  seems  likely  that 
undertow  will  be  present  on  most  inner  shelves  exposed  to  waves.  Wave-driven  under¬ 
tow  is  likely  to  be  significant  relative  to  wind-driven  cross-shelf  flows  in  water  depths 
less  than  about  20  m.  The  observed  cross-shelf  velocities  of  a  few  centimeters  per 
second  associated  with  wave  forcing  over  the  inner  shelf  suggest  flushing  times  of  a 
day  or  less.  However,  since  the  Lagrangian  Stokes  drift  associated  with  the  surface 
gravity  waves  opposes  the  observed  Eulerian  flow,  the  wave-driven  flow  may  be  a  less 
effective  mechanism  for  particle  exchange  than  suggested  by  the  observed  Eulerian 
flows.  The  connection  between  undertow  within  and  offshore  of  the  surfzone  and  the 
resulting  particle  transport  between  the  surfzone  and  the  inner  shelf  is  an  important 
unresolved  problem. 
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Figure  E-l:  Schematics  of  (a)  a  parabolic  offshore  flow  profile  consistent  with  (E.4) 
and  (b)  an  offshore  flow  profile  driven  by  the  Hasselmann  wave  stress  given  by  (E.6). 
The  parabolic  profile  (a)  is  often  observed  in  the  surfzone  and  is  associated  with  rela¬ 
tively  strong  vertical  mixing  when  the  Earth’s  rotation  is  not  dynamically  important. 
The  Hasselmann  profile  (b)  is  associated  with  relatively  weak  vertical  mixing  and  the 
Earth’s  rotation  is  dynamically  important  through  both  the  Coriolis  force  and  the 
wave  forcing. 
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Figure  E-2:  Observed  depth-averaged  cross-shelf  flow  uda  over  a  four  month  period 
from  the  Martha’s  Vineyard  Coastal  Observatory  and  the  depth- averaged  wave-driven 
offshore  flow  uw  estimated  using  (E.2)  and  the  observed  wave  characteristics.  Time 
series  of  uw  has  been  offset  +6  cm  s-1  for  clarity. 
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Figure  E-3:  The  (a)  correlation  and  (b)  regression  coefficient  a  from  linear  regressions 
of  the  form  u^a  =  auw  +  b  for  the  seven  SandyDuck  sites  and  MVCO.  The  error  bars 
in  (b)  correspond  to  the  95%  confidence  intervals  on  the  regression  slope  estimates. 
Intercepts  are  all  less  than  1  cm  s-1. 
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Figure  E-4:  Linear  regression  slope  of  uda  versus  H2sig  as  a  function  of  water  depth 
for  the  seven  SandyDuck  sites  and  MVCO.  Dashed  line  is  theoretical  dependence  of 
uJHl,  on  water  depth  based  on  (E.3).  The  error  bars  indicate  the  95%  confidence 
intervals  on  the  regression  slope  estimates. 
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Figure  E-5:  Bin  averages  of  normalized  depth- averaged  offshore  flow  as  a  function 
of  Hsig/h  for  the  MVCO  current  observations  and  individual  daily  averages  for  all 
the  SandyDuck  sites.  The  dashed  line  is  the  theoretical  prediction  from  (E.2).  The 
current  observations  are  from  sites  seaward  of  the  offshore  edge  of  the  surfzone,  which 
is  roughly  at  Hsig/h  ~  0.5.  The  error  bars  indicate  the  standard  errors  of  the  bin 
averages  for  the  MVCO  observations. 
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Figure  E-6:  Offshore  section  showing  the  bathymetry,  locations  of  the  ADCPs  de¬ 
ployed  during  SandyDuck,  and  an  example  of  the  wave-driven  offshore  flow  averaged 
over  the  time  period  17:00-23:00  19  October  1997,  when  the  average  significant  wave 
height  was  3.3  m.  The  offshore  edge  of  the  surfzone  is  at  about  the  7-m  isobath. 
A  schematic  of  the  corresponding  linear,  monochromatic  wave  (10  s  period)  is  also 
shown.  Bathymetry  within  1000  m  of  the  coast  is  from  a  survey  taken  August  13, 
1997.  The  bathymetry  farther  offshore  is  from  a  ship  survey  conducted  in  the  fall  of 
1994. 
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Figure  E-7:  Average  offshore  flow  profiles  from  MVCO  for  different  ranges  of  Hsig 
during  periods  when  the  wind  stress  magnitude  was  small  (|  TS|  <  0.03  N  m~2). 
Standard  errors  of  the  means  are  0.1  cm  s-1  for  0  <  Hsig  <  0.5  and  0.5  <  Hsig  <  1.5, 
0.4  cm  s-1  for  1.5  <  Hsig  <  2.5,  and  1.6  cm  s-1  for  2.5  <  Hsig  <  3.5.  The  current 
observations  in  the  top  bin  ( h  =  10  m)  may  be  contaminated  by  surface  reflections 
from  the  side-lobes  of  the  ADCP  acoustic  pulses  during  large  waves  because  of  the 
reduced  water  depth  under  the  wave  troughs. 
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Figure  E-8:  Bin-averaged  cross-shelf  velocities  at  2.5  in,  6  m,  and  9.5  m  below  the 
surface  as  a  function  of  significant  wave  height  Hsig  (symbols)  at  MVCO,  water  depth 
12  m.  Bin- average  Stokes  velocities  at  the  same  depths  are  also  shown  (dashed  lines). 
Averages  are  over  0.2  m  increments  of  Hsig  and  the  mean  cross-shelf  velocity  profile 
during  weak  wind  stresses  and  waves  has  been  subtracted  from  the  observations. 
Standard  errors  of  the  means  for  the  6  m  and  9.5  m  cross-shelf  velocities  are  similar 
to  those  shown  for  the  2.5  m  cross-shelf  velocities.  The  second  “good”  current  bin 
at  2.5  m  below  the  surface  is  used  to  reduce  possible  inaccuracies  associated  with 
side-lobe  reflections  during  large  waves  (see  Fig.  E-7). 
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Figure  E-9:  Average  cross-shelf  velocity  profiles  from  the  model  described  in  Sec¬ 
tion  E.4.1  for  various  constant  eddy  viscosities  A  (lines)  and  observed  average  profiles 
from  MVCO  during  winter  (October  -  March)  and  summer(April  -  September)  for 
1  <  Hsig  <  2  and  |rs|  <  0.03  N  m-2.  Model  profiles  were  computed  using  the  average 
significant  wave  height  (1.3  m)  and  wave  period  (6.4  s)  of  the  observed  winter  profiles 
(summer  values  are  essentially  the  same).  Standard  errors  of  the  means  are  0.3  cm  s-1 
for  the  winter  profile  and  0.5  cm  s-1  for  the  summer  profile. 
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Figure  E-10:  The  wave-driven  transport  (Qw)  normalized  by  the  Ekman  transport 
(Ue)  as  a  function  of  water  depth  for  wave  periods  of  5,  10,  and  15  s  estimated 
from  (E.10)  assuming  H^/tV  =  25  m4  N-1  (dashed  lines).  The  solid  line  shows  the 
normalized  cross-shelf  transport  ( Qr )  driven  by  an  along-shelf  wind  stress  (rj'  =  0.1 
N  m-2)  as  a  function  of  water  depth  from  a  two-dimensional  model  (no  along-shelf 
variation)  with  an  unstratified  turbulent  eddy  viscosity  that  increases  linearly  from 
zero  at  each  boundary  over  10%  of  the  boundary  layer  thickness  and  is  constant  in 
the  interior  (see  Lentz,  1995). 
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